





THE ELECTRODEPOSITION BEHAVIOR OF A SIMPLE ION! 
L. B. ROGERS* anp A. F. STEHNEY? 


Oak Ridge National Laboratory, Oak Ridge, Tennessee 


ABSTRACT 


The electrodeposition behavior of a trace on an inert electrode can be de- 
scribed by the unabridged form of the Nernst equation after it has been 
modified by the addition of a term to account for energy differences at the 
deposit-electrode interface. Both the original and the modified Nernst 
equations predict that, in dealing with amounts of depositable element 
insufficient to cover completely the inert electrode, the percentage of an 
ion deposited at any specific potential is independent of the amount of 
element present, but is dependent upon the area of the electrode and the 
volume of the solution. 


INTRODUCTION 


Successful electrolytic separations of some of the radioactive elements 
found in nature (Bi, Pb, Po) have been possible for many years (4). The 
method has, however, been applied to very few artificially-produced radio- 
active elements despite the fact that many elements can be electrodeposited 
easily. 

The reluctance of investigators to exploit this method of separation ap- 
pears to have been due to their concern as to whether or not the Nernst 
equation, or some comparable expression, could be used to describe the 
behavior of traces. Haissinsky (4) has discussed the results of many poten- 
tiometric and electrolytic studies in which the Nernst equation was tested 
with very dilute solutions, and he has found statements in support of 
both sides of the question. However, the conclusions of some of the 
authors are not valid because the authors overlooked the fact that two pre- 
dictions can be made from the Nernst equation depending upon whether 
the usual “active” electrode, one whose entire surface is composed of the 
material being deposited, or a partially covered “inert” electrode is in 
equilibrium with the solution. The chief difficulty appears to be that some 
investigators, who concluded that the Nernst equation did not apply, tested 
the abbreviated form of the equation, which applies only to a covered 
electrode, in a situation where they were actually dealing with an incom- 
pletely covered inert electrode. This error has appeared quite frequently 
despite the fact that the work of Hevesy (7), in 1912, indicated that the 
complete Nernst equation should be used in such a situation. On the basis 
of Hevesy’s results, Herzfeld (6) suggested that if the Nernst relation de- 
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fined the equilibrium potential of a completely covered electrode under a 
condition such that the rate of deposition equalled the rate of dissolution, 
the rate of dissolution for an incompletely covered electrode having fewer 
atoms of deposit per unit of surface area should be smaller. In order for 
an incompletely covered electrode to be in equilibrium with a particular 
concentration of ion, its potential would have to differ from that of a cov- 
ered electrode in the same solution. 

The present paper is an extension of Herzfeld’s concept. It points out 
that the Nernst equation predicts that the position of the deposition curve, 
where one plots “‘percentage of element deposited” versus “potential,” 
should be independent of the amount of reducible element involved pro- 
viding: (a) the “‘inert”’ electrode is incompletely covered with deposit, and 

b) all other experimental factors are held constant. Furthermore, the 
equation predicts that the deposition curves should shift with changes in 
electrode area, volume of solution, and size of the deposited atom (or aggre- 


gate). Any factor involving changes in the number of deposited atoms on 
the surface at the solution-electrode surface will also produce a shift. In 


conclusion, the paper points out that another term must be added to the 
Nernst equation to account Tor energy changes originating at the deposit- 
electrode interface. 

DISC! SSION 


De posilion of a single simple zonic species according to Nernst 


The Nernst equation [using the Lewis and Randall (9) convention for 
signs has been found to describe the potential on an inert electrode 


E i In (1) 


for a reversible reaction invol\ ing only soluble ions where a,-; is the activity 
of the oxidant and a,,¢ the activity of the reductant. One example is the 
reaction 
Fe?* = Fe** + « 2) 
If one of the species is deposited, the electrode can no longer be considered 
“inert”? but instead is termed ‘active.’”’ In the usual case where one is 
dealing with relatively large amounts of material, an inert electrode is al- 
most instantaneously covered with deposit by the passage of current fol- 
lowing which the electrode potential for a simple reaction such as 
Ag = Agt + ¢ 3) 
can be described adequately by an abbreviated form of the Nernst equation 
: ; RT 
E iD - ean (4) 
nk 
in which the activity of the deposit is assumed to be constant and is defined 
as unity. 
If only trace amounts of deposit are involved and the inert electrode is 
not completely covered by the deposit, the activity of the deposit should, 
according to Herzfeld (6), vary with the fraction of the surface covered. 
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By making an assumption, which will be discussed more fully in a later 
section, that the free energy required to deposit an atom is independent of 
the electrode material, one can write equation (1) in the form 


E Pp. % = ee (5) 


where f, 1s the fraction of the surface covered by the deposit and f; and f 
are the activity coefficients of the ion and the deposited atom respectively. 
In an experiment, oe values can easily be determined for f, 
wherea s fo is indetermin: e, at least for the present, and will be considered 
be unity. 


] Guation (5) can be extended by using the following terms: 


\ cross-sectional area, in em.°, of an atom of deposit 
| area of the electrode in cm. 
V volume, in liters, of the solution in equilibrium with the 


electrode 

( molat concentration ot a solution Ol volume V which, 
il completely deposited on an electrode of area A,, would 
be just sufficient to form a monolayer 


( initial molar concentration of reducible (or oxidizable) 
1OnS 
( equilibrium concentration of reducible ion 
( ( | total moles of atoms on the electrode surface at equilibrium 

NV. \vogadro’s number 
\ total number of reducible ions and atoms involved 

\ number of reducible ions in solution at equilibrium 

A number of atoms deposited at equilibrium 
a fraction of element deposited at equilibrium 

E; potential at which C,, ; and therefore N N, 


The discussion can be simplified by making the following assumptions: 

a) The area of the electrode is equal to the area of a monolaye r of de- 
posit which, to a first approximation, can be expressed as a mathematical 
produc t of the cross-sectional area of the de ‘posite d atom ¢ “i the number of 
such atoms. 

b) A second layer of atoms is not formed until the surface of the elec- 
trode has been completely covered with a monolayer. 

c) A simple reaction is considered which involves only electron transfer 
without any change in complexity in going from ion to deposit, i.e. 


(M,) = (M,)"* + ne 
It is then possible to express the activity of a deposit on an incompletely 
covered electrode of “inert”? material 


Grea = If = : aso. =. a tlle 15a ao (6) 


Whenever (C — C,,) is equal to (or greater than) C°, a monolayer (or more) 
‘an be formed the reby produci ing a deposit with an activity which, by defi- 
nition, has the limiting maximum value of unity. 
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In these terms, the potential ol a completely covered electrode dipping 
into a solution of unit activity would be E#° expressed as 


RT | 
E | a (S 
nF COVNgAaf 
kor the general case, the equilibrium potential ot an incompletely covered 


electrode dipping into a solution having the concentration Ca can be ob- 


tained by substituting equation (6) into equation (5 


RT A RT f RT Coz ( 
] e .. 7 In 7 oe ott nl In | a ) 
Recalling that EF; was defined as the potential at which N,, = N, and 
( C C2, one can write 
E=E oe Mer 10 
ni ( ( 
RT, 1 
. 1 
| I aE In 
where 
I E a In 12 


Equation (12) is equivalent to 


Because equation (11 has a constant pot ol inflection at Esyec;, the poten- 
tial at which a specific percentage of a trace will deposit on an incompletely 
covered electrode should, in a series of similar electroly ses, be independent 
of the initial concentration of reducible ion. 

Since equation (11) applies only when the inert electrode surface is in- 
completely covered, equation (11 will deseribe the complete deposition 
curve only when the total amount of depositable element is smaller than 
C’. For amounts larger than C°, equation (11) will describe the deposition 
only until an amount equal to C” has deposited following which, because 
equation (9 reduces to equation (4), the deposition will be described by 
equation (4 

If the deposition takes place from a solution having the reducible element 


in the form of a complex 10n, it Is necessary to tuke into consideration the 


activity of the complex-forming ion or molecule if it differs from unity. 

An ion or molecule, g, having b groups coordinated with the reducible ion 

introduces an additional term 

RT | > £ bRT 
; in > 


ni x n 


In (', f 14 
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, the activity coefficient of the 
complexing ion. The complex-forming ion will usually be present in large 
excess, and will, therefore, be the chiet factor influencing the activity coefh- 
cient of the reducible ion. 

If precipitation occurs as a result of anodic oxidation the following set 
of equations can be written: 


Br... Vive er  F RT , C —¢ 


where C, is the molar concentration and te 


| BE - 5) 
nF In 4 nF "y nl In ra | 
RTC és 
/ bk nF ( 16 
nd 
RT a 
E E _ In 17) 
nl | a 
where ( s the concentration of the oxidizable ion. If the oxidation in- 





volves a complex ion, a term must be introduced in the same way that it 
is done for « reduction except that its sign should be reversed. 
\n additional consideration is introduced by the fact that anodic reac- 


tions often Geposit an oxide rather than the free element. In such cases, 
1, will be the area of the oxide molecule and the scope ol sy, must be ex- 
panded to include a consideration of the activity of the oxonium ion. A 


( mmplete equation can be developed lor every reaction In a way similar to 
that for the following example: 


Pb - 6H.0 = Pho. + 4H.0 t+ De (18) 


RT Sa ( 


Ai. _ In rc (19) 


ni ni ( 
At a constant pH, 
/ E; — In: 20 
where 
7 RT ‘ 
E, E sy - aE In (a@y.0*) « 21 


(ny factor w hich affects the assumption that the rate of dissolution of the 
aeposit is proportional to the number of deposited atoms will produce 
change in the observed activity of the deposit and, consequently, a change 


in the value of Esoe,.. + One mechanism by which atoms can be removed from 
the surface of the electrode is by diffusion of the deposit into the body of 
the electrode material. Another mechanism involves the formation of 


veregates or multilayers of deposit. In both cases, the observed activity 
the deposit would be lowered and the overall behavior of the trace 
changed to more “noble.”’ In actual practice it might be possible to ignore 
these considerations proy iding that short periods Ol electrolysis and 
amounts of deposit covering only a small fraction of the electrode surface 
were involved. 
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Interfacial considerations not included in the Nernst equation 


All of the preceding discussion has been based upon the assumption that 
the energy required to deposit an element is independent of the surface 


upon which it is deposited. That is to say, it has been assumed that the 
energy involved in depositing a silver atom on a silver surface is the same 
as for a silver atom on a platinum (“‘inert’’) surface. The literature con- 


tains much evidence which, if not im direct support of this postulate, at 
least indicates that the deposition behavior of a trace element on a number 
of different ‘inert’? elements is the same (1, 2 Ilowever, a number of 
exceptions have been reported hy the same and other authors f 

In order to have an equation which will describe all of the experimental 
results, it is necessary to introduce a term which will take into considera- 
tion anv difference in free energy, kK 5 between the deposition of an atom on 
a surface of similar atoms and on a surface of dissimilar atoms. It is quite 
likely that deposition onto a dissimilar surface might liberate additional 
free energy due to alloy formation and possibly sorption. Equation (9 
and sul sequent equations must therefore be CX}% nded to 
RT | 

| a 22 


vhere f; represents the activity coefficient of the deposited atom whose 
standard state, where fy is unity, is the most stable alloy form. If £, is 
positive, the trace should behave more nobly than predicted from the 


Nernst equation hq. 9). If E#, is negative, one should observe a shift ot 
the deposition curve mm the opposite direction thereby leading one to Con- 
clude erron ously that the deposition Was obeying equation (4). \ nega- 


tive value for £, might result in deposition curves which would drift, with 
longer periods of electrolysis, toward more negative potentials (for a redue- 
tion) due to the greater stability of aggregates of deposit compared to a 
random distribution of atoms over the “inert” surtace. 

It appears that the deposition curve of a trace might undergo a shift to 
more positive potent ials if the surface of the “inert’’ electrode were dissolv- 
ing. In order to vain the same net rate of deposition as that observed for 
an insoluble (or more slowly soluble) electrode, a more positive potential 
would be required (for a reduction) in order to decrease the rate of dis- 
solution of the surface and to increase the rate of deposition of the trace. 
Experiments with silver tracer (3) have indicated that such a process may 
be an important consideration, but in the face of such a conclusion, one 
has evidence that chemical replacement is a satisfactory method for the 
separation of a trace element (12, 13). Reconciliation of these two ob- 
servations appears to be possible, but no attempt will be made to do it here. 

In reconsidering as a whole the question of electrodeposition of a trace by 
reduction, it is important to note that both the original and the modified 
forms of the Nernst equation predict that the Eso-, should be independent 
of the amount of element undergoing reaction providing the amount is 
insufficient to form a monolayer. For that reason, one must reconsider the 
conclusions from experiments similar to those recently reported by Heal 

5). Heal concluded that the Nernst equation did not describe the de- 
position of a trace because: (a) his deposition curves did not shift with 
dilution, and (b) his curves agreed within experimental error with those 
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obtained by another investigator who worked with more concentrated solu- 
tions of the same element. Actually, the question which might be raised 
is why his data for the deposition potential agreed with those of the other 
investigator if changes in area of the electrode and volume of the solution 
are important considerations. This agreement could be explained by as- 
suming that the investigators accidently used 1, Vo ratios which were the 


same within the limits of experimental error. 
(on ple xv electrode reactions 


\s long as the assumption is valid that the complexity of the ion and of 
the atom is the same, equations (11), (17), and (20) will apply to aggre- 
gates of any complexity from simple ions to colloids, providing the aggre- 
gates have a uniform charge-to-size ratio. An interesting special case is 
encountered if 7 is smaller than y because the overall result is the deposition 

' 


of an atom of .VW/ by a fraction of an electron. As examples of this behavior, 
one mig imagine the deposition ol aggregates such as MogC ls! and 


Oo 
> 
Oo 


PagCl 11). It is quite possible that the deposition of polonium, which 
puzzled Haissinsky (4) because it required only 4 of an electron per atom, 
falls into this class. In the ease of polonium, however, one cannot make a 
definite statement that a polymeric ion is the source of the anomaly, even 
though polonium polymers are known, because the conclusions were based 
upon data obtained by a rate-of-deposition technique (8, 10) in which the 
mechanism of the reaction may play an important role. 

If the complexity of the ion differs from that of the deposit, the 25 
and the subsequent dependent terms are no longer independent of the 
amount of reducible element. This conclusion can be reached easily by 
examining values of the logarithmic term (and its derivatives) containing x. 


CONCLUSIONS 


\lthough the information in most of the papers in the literature is too 
scanty 


o allow a definite statement to be made, it appears that some in- 
vestigators have erroneously reported that the Nernst equation did not 
describe the deposition ot traces because they tested the abridged form 
rather than the complete equation. Nevertheless, it appears that the 
equation may be inadequate because it does not include a term to describe 
energy differences in the deposit electrode interface. This energy factor 
is undoubtedly an important one not only in theoretical studies of trace 
deposition, but also In commercial electroplating where one is interested 
in determining how firmly an electrodeposit will adhere to the underlying 
material 
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, ABSTRACT 


By means of radioactivity, the extent of silver deposition on platinum 
cathodes was determined at various potentials under conditions closely 
approaching equilibrium. For any specific solution having a concentration 
of silver of 10 M or greater, the resulting curve agreed well with the polar- 
ographic curve. For concentrations equal to or smaller than 107 M, 
the amount of silver was insufficient to cover the electrode and the resulting 
deposition curves often shifted to a potential several tenths of a volt more 
“noble” than that predicted by the Nernst equation. The shift, which 
may be the result of alloy formation, was influenced greatly by the “‘inert”’ 
electrode material. 

Changes in the electrode area and in the volume of solution were found 
to shift the position of the deposition curve in accordance with predictions 
based upon the Nernst equation. Complexing agents decreased and some- 
times eliminated the shift toward noble behavior whereas, in one case, a 
higher concentration of acid produced a larger shift toward “nobility.” 


INTRODUCTION 


The question of whether or not the electrodeposition behavior of traces 
can be predicted by the Nernst equation is a classical one. Haissinsky 
(1), in reviewing the subject, pointed out that there are many contradictory 
conclusions in the literature, some of which undoubtedly stem from the 
fact that some investigators have tested an abridged equation rather than 
the complete Nernst expression. It appears that the complete Nernst 
expression plus an additional term to account for differences in free energy 
arising at the deposit-electrode interface from the use of different “‘inert”’ 
electrode materials may be correct (2). It was suggested that the deposi- 
tion behavior of traces should be affected by changes in area of the electrode 
and volume of the solution, but not by changes only in the total amount 
of trace element undergoing reaction. The experiments described in the 
present paper were designed to test these predictions and to provide in- 
formation concerning the types and the magnitudes of errors encountered 
in the various procedures. 
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Silver was selected for this study because of its favorable chemical and 
radiochemical properties. The electrode reactions of silver are one-elec- 
tron transfers which are readily reversible. The relatively ‘noble” 
potentials at which many of the reactions take place help to minimize 
dissolution losses in handling the electrodeposits. Furthermore, although 
silver is an uncommon impurity in reagents, it can, if present, be reduced 
to a very low concentration by electrolysis. Finally, silver has a radio- 
active isotope (Ag"™'), having a 7.5 day half-life and a 1.0 Mev. 8- particle, 
which can be produced with an adequately high specific activity to allow 
accurate measurement of the relative amount of silver in a very dilute 
solution. 

All of the data were calculated on the basis of formal potentials (3) which 
were first obtained polarographically and then checked by electrodeposition 
using 10-° M solutions. Factors such as activity coefficients, junction 
potentials, and concentration of the complexing agent were held constant 
throughout the series-of experiments involving a particular background 
solution. 


EXPERIMENTAL DETAILS 
Apparatus 


All of the equipment employed in this study was the same as that re- 
ported previously (4): a modified Sargent Model XX polarograph, a con- 
stant-voltage regulator capable of control to +3 mv., a Beckman pH meter 
fitted with a special electrode having a small correction for sodium ion, 
special electrolytic cells enabling the d position to be confined to a fixed 
area on one side of a platinum foil, and standard equipment for 8~ particle 
counting consisting ot a thin mica end-window Ceiger-Muller tube, an 
aluminum-lined lead shield, and a sealing circuit. 


, / 
Reade HIS and solutions 


Reagent grade chemicals were used throughout this investigation. Dis- 
tilled water was used in most of the experiments except those involving 
traces of silver where triply-distilled water was employed. The triply- 
distilled water was prepared from the laboratory supply of distilled water 
by distillation in an all-glass apparatus, first from alkaline permanganate 
and the hn Irom phosphoric acid. Starting in each couse with two liters of 
water, the fraction between 25 and 75 per cent was collected. The finad 
distillate did not give a positive test for silver when examined with a 
procedure sensitive to 0.05 we./ml. (5). 

Whenever possible, a solution of each reagent was freed from natural 
silver by el ctrolysis before the tracer was added. Such a procedure Was 
deemed advisable even for the palladium (Baker and Co.) which sometimes 
contained pectrographically-detectable amounts of silver of the order of 
50 p.p.m. (6). The procedure for the removal of silver impurity was the 
Same as that used to recover the silver tracer following the neutron-bom- 
bardment of palladium. In addition, two steps were necessary in order to 
recover the purified palladium metal prior to activation. The entire pro- 
cedure is outlined below. 

A 50 mg. portion of palladium metal was dissolved in a mixture of nitrie 
and sulfurie acids. After cooling, the solution was diluted to about 








DI 
f 


Vol. 95, No. 2 ELECTRODEPOSITION OF TRACES OF SILVER 35 


100 ml., neutralized by adding pellets of sodium hydroxide slowly, and 
then made 1.0 M in sodium hydroxide and 0.10 M in sodium eyanide. 
This solution was electrolyzed for three hours using a platinum gauze 
electrode maintained at —1.2 v. vs. the saturated calomel electrode 
(S.C.E.). After removing the electrode, the electrolysis was repeated using 
a second clean electrode. Then, palladium cyanide was precipitated by 
adding sulfuric acid, and washed with triply-distilled water. The final 
step of the purification consisted of dissolving the palladium cyanide in 
sulfuric acid followed by the precipitation of palladium metal by formalde- 
hyde. The product Was always spectrographically-free from silver, i.e. 
less than about 10 p.p.m. (6). 

\g' tracer having a high specific activity was prepared by bombarding 
natural palladium with neutrons, 


Ws 


Pd n, y) Pd = >» Ags 


26 m. j.0 d. Cd" (stable), 


J 
I 


dissolution of the palladium, and recovery of the silver by electrolysis with 


a platinum electrode (4 By carrying out three electrolvses in series, the 
amount of palladium accompanying the silver was reduced to a very small 
value caleulated to be less than 1‘ ( ot the amount of silver). However, 


small amounts of platinum undoubtedly dissolved trom the cathode along 
with the silver when the latter was stripped from the electrode into the de- 
sired background solution. ( alculations indicated that if one could neglect 
the amount of silver introduced as an impurity, the resulting tracer solu- 
tions were about 1 &X 10~-° M in silver. 


Proce du res 


Polarograms for silver in various background electrolytes were recorded 
automatically using a solid electrode, usually platinum, and an outside 
saturated calomel electrode (7, 8). 

Klectrolyses were carried out in essentially the same Way that has 
been described previously (4). A glass tube, having both ends open, was 
clamped onto a platinum foil to define a circle having a plane area of about 
5em.2. The capacity of a cell was about 35 ml. but 25.0 ml. was used for 
most of the experimental work. The solution was stirred at 300 r.p.m. 
using a glass rod having a single small paddle. All glass surfaces, including 
those of the stirrer and the agar bridges, were given a fresh coat of ceresine 
wax before each experiment in order to minimize losses from sorption. 
Platinum electrodes were usually sufficiently free from silver (and radio- 
activity) to be used again after a preliminary cleaning in boiling nitric 
acid followed by immersion in a solution of sodium cyanide for several 
hours. 

In the interest of minimizing losses of deposited silver while the electrode 
was being washed, the following variation from the origimal procedure (4 
was introduced: After the stirring had been stopped and most of the active 
solution removed by suction, the potential of the cathode was made about 
0.5 v. more negative. The amount of material plated from an unstirred 
solution was negligible, but the additional voltage appeared to help in 
holding the deposit while it was being washed with the recommended (4 
nitrate or perchlorate solution. The activity on the cathode was then dis- 
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solved in a solution of cyanide by electrolysis for a few minutes at a positive It 
potential to strip the radio-silver from the electrode. The activity in a : 
sample of the “‘strip’”’ solution was then determined. pl 

Some studies were made by depositing the trace completely and then fo 
adjusting the potential to the desired value. This proved to be a useful 0). 
method for finding the approximate (sometimes exact) location of a de- i] 
position curve because a number of potentials could be examined consecu- m 
tively in a short time. In general, a stripping procedure allowed one to th 
approach more closely to an equilibrium value in a short interval of time p 
than a deposition procedure did. Sampling (50 or 100 ul.) of the super- 
natant between each setting ol potential resulted in negligible losses ol b 
solution. t] 

Standard radiochemical techniques were used tor the estimation of activ- ¢: 
ity. All counts were made under conditions such that back-seattering, 
self-scattering, and geometry were held constant. Coincidence corrections t 

TABLE I. Comparison of polarographic and deposition curves for silver in five 7 

media : 
E 566 M vs. S.C.E Esq, for 10-7M vs. S.C.E 
« E S.C.F 
. - Predicted from Experimenta Predicted from Experimental 
Ei value ty value 

iM KNOs; +0.32 0.20 0.91 +-0.08 +0.48 
pH = 4.0 

1M NaClo 2 2 ° 0.08 +0.60 

0M HC1Ws 

M NH - 2 i4 0.26 0.05 

1 M NaCN —0.8 —0 ss 1.08 0.95 

M NaCN § 0 

M NaOH 

*No experimental value btained 


were made when necessary. 
absolute. 


Change in Esp 


in E; i¢ 


The change 


All measurements were relative 


RESULTS 


with concentration of stlve r 


rather than 


, the potential at which half of the silver is precipi 


tated on a silver electrode, can be predicted from the equation 


where E°, i 


E,; + = In C 


n 


s the formal potential for the reaction in question, C is the mola: 


concentration of the reducible ion, and the polarographic convention is 


used tor signs. 


agree with the polarographic 


glected: E 


halfwave potential (2; 


Proy iding overvoltage trom factors other than concen 


tration polarization can be ne lor an electrodeposition should 


Typical evidence of such agreement for solutions having initial concen 


trations of silver equal to or 


greater than 10~-° M is shown 


in Table ] 
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It was generally possible to reproduce the values for Ey;2 or Ey Y within 
+0.01 v. Deposition results for a solution of 0.1 M sodium perchlorate at 
pH 4 are not shown because they agreed with those for nitrate. It was 
found that the disagreement between Lyo-, and F\,2 for a solution containing 
0.1 M eyanide and 1.0 M hydroxide could be eliminated by changing manu- 
uly the potential on the polarographic slidewire and waiting 15 minutes or 
more at each potential before reading the current. The disagreement, 
therefore, was attributed to overvoltage in the automatically recorded 
polarographic curve. 

Calculations showed that 25 ml. of a5 & 10-7 M solution of silver would 
be sufficient to form a monolayer on a 5 c¢m.* area. It was not surprising, 
therefore, that 10-7 M and more dilute solutions deviated from values 
calculated from equation (1 

However, this behavior is in accordance with the predictions of an equa- 
tion based upon an early suggestion of Herzfeld (9) that the activity of 
the deposit might vary with the fraction of the surface covered with de- 
posit This can be stated as (2): 


_ = 
f<B+h+ Shige. += 8 (2) 
nk VNaAcf. nk x 
where £°, = formal potential for a covered electrode 
E, potential associated with free energy of alloy formation 
(at the deposit-electrode interface 
t fraction of the initial amount of element deposited at poten- 
tial E 
| volume of solution 
A, electrode area 
A, = area of a deposited atom 
N, = Avogadro’s number 
and f; = activity coefficients of the ion and deposited atom respec- 
tively 


$v combining the first three terms one obtains Eso, for a particular set of 
experimental conditions: 


RT, Ach 
nF VNeAchs 


It is apparent from equations (2) and (3) that one would expect the posi- 
tion of the deposition curves or trace amounts to be independent of initial 
oncentration of reducible element when the electrode area and the ionic 
strength and volume of solution are held constant. 

The examples shown in Fig. 1 illustrate the types of curves that were 
found. One very important aspect of a curve for trace amounts was its 
comparatively poor reproducibility, which usually corresponded to nearly 
+ 30 mv., despite the fact that the regulators controlled the potential to 

3 mv. or better. Several factors, particularly differences in areas of 


e electrodes, contributed errors which will be discussed later. 

\s one might have expected, 10-° M solutions gave a curve having cer- 
tain characteristics of both “macro” and trace curves. The results in 
Fig. 2 indicate that, except for one curve, the Eso; value fell close to +0.14 

the value predicted from equation (1). However, in common with 


curves for trace amounts, there was appreciable plating at potentials sev- 








ROGERS, KRAUSE, GRIESS, AND EHRLINGER February 1949 





Qn---O---O-- & 






































pdf.) 
_ Fic. 1. Typical deposition and stripping curves for silver in various media. Oo 
Yr ice”’ silver in 0.1 KNO,; pH 4.0, @ 10M silver in 0.1 M KNO, pH 4.0, A ‘“Trace’”’ 
silver in 0.1 M NHs;, a 10°M silver in 0.1 M NH, ‘*Trace”’ silver in 0.1 M NaCN 
1.0 M NaOH, g 10°M silver in0.1 NaCN + 1.0 M NaOH. The dotted lines indi- 
cate the corresponding stripping curves 
a 
« 
bd 4 9 1 1 j ! ! 
) Q 2 5 ).5 0.4 2 
Fic. 2. Deposition curves for 10-°M silver in 0.1 M KNO,; pH 4.0 
Run No. 1, @ Run No. 2, tun No. 3, - Run 
No. 4 


eral tenths of a volt more positive than the Eso%,. Furthermore, the amount 
of scatter in the values for percentage of silver deposited at any specific 
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potential more positive than Eso, was characteristic of that found in experi- 
ments with trace amounts. 

Two important conclusions were made during the course of this study. 
The first was that the behavior of an ion in contact with an incompletely 
covered electrode might be quite different from its “macro” behavior. 
Instead of changing with the initial concentration of solution in accordance 
with equation (1), the Eso, for traces was constant within the rather wide 
limits of error. This was demonstrated by agreement between curves for 
10-7 MI and “trace” solutions. It is true that one can argue that the 
amount of impurity remaining in reagents was the limiting factor which 
remained constant, but it appears highly probable that such was not the 
case in view of extraordinary precautions which were taken to reduce the 
silver content of all reagents. 

The second conclusion drawn from the deposition curves for traces was 
that E, could cause a sizeable shift in the deposition curve. If 2, were 
zero, the curve for trace amounts would be displaced from E°; by an 

be - 
umount + R : In Ads . Table I shows that such a displacement was 
nk | \ Aafs 
found for cyanide solution. On the other hand, substantial shifts of the 
deposition curve to positive potentials were found in ammonia, nitrate, 
ind perchlorate solutions. 

The fact that £, was not independent of the medium can be explained 
if one assumes that the anion substantially affects the rate of dissolution 
of the “inert” electrode. Qualitatively, there are many pieces of evidence 
to support this assumption: (a) At comparable potentials, the silver can 
be removed from an electrode much faster with a cyanide solution than with 
nitrate solution. Complete removal of activity is also easier to effect. 

In working with trace amounts, stripping curves agree very well with 
deposition curves for cyanide solution whereas for nitrate, perchlorate, and 
ammonia solutions the stripping curves are displaced about +0.2 v. from 
the respective deposition curves. 

Since the value for £, should be the same for each solution only if the rate 
of dissolution of the “inert’”’ electrode is the same, the maximum value for 
EF, should be found for the solution for which the rate of dissolution of the 
‘inert’ electrode is slowest. One would expect to find the maximum value 
for £, in nitrate or perchlorate medium since these anions would form the 
least stable complexes (if any) with the platinum. On the other hand, it 
is also conceivable that the rate of dissolution of an ‘“‘inert”’ electrode in 
certain solutions might be so fast that the deposition curve for a trace 
vould be displaced to a value more negative than that calculated from 
equation (2) on the assumption that FE, were zero. 

The observed effeet of perchloric acid in increasing the nobility of silver 
on platinum can be interpreted on the foregoing basis. However, it is also 
possible that a mechanism involving changes in the amount of platinum 
oxide (or hydrogen) on the surface of the electrode might be involved. 
More evidence is needed before a definite statement can be made. 


t ) 


Change in Eso, with volume of solution 


Equation (3) predicts that if two solutions initially contain the same total 
number of reducible ions and are electrolyzed under otherwise identical 
conditions, the solution having the smaller volume will have the larger 
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number of ions removed by deposition. The procedure which follows was 
designed to test that prediction. 

A 5.00 ml. portion of 0.1 M potassium nitrate solution at pH 4.0 to which 
silver tracer had been added was electrolyzed at a potential sufficient to 


precipitate most, if not all, of the silver. The activity of the solution was 
determined both before and after electrolysis by counting an aliquot of the 
supernatant. After the potential had been changed to strip the activity 


from the electrode the supernatant was sampled again. The analysis of 
the first supernatant together with the difference between the two was 
assumed to represent the percentages actually involved in the deposition 
equilibrium. The difference in activity between the second sample of the 
supernatant and the amount initially present before electrolysis represented 
the loss due to sorption and to diffusion into the salt bridges. 


TABLE II. Effect of volume on Ese; for a trace of silver in 0.1 VW KNO, at pH 4.0 


Activity in solution 


rote - Activity on cathode Deviation from 
Potential vs. S.C.E calculated value 
ml 25 ml. Ca or 25 m 
% mo 
+-0.470 3 31 13 29 
7 69 87 
+0.470 3) 24 20 5 
5 76 a) 
+0.500 20 54 53 1 
0 46 47 
+0.500 41 74 74 0 
59 6 ui | 
ae ———_ - 
| 


\verage. ate janiens Jans Bas Sl 


The volume of the solution was then increased to 25 ml. by the addition 
of 20 ml. of 0.1 M IKNO, (pH 4.0) and the silver redeposited. Again the 
activity of the supernatant was determined before and after stripping the 


deposit from the electrode. The position of the Eso, for the silver in each 
volume was calculated by substituting the equilibrium values into equa- 
tion (2) to determine Ey;. The deposition curves were assumed to be 


symmetrical in making the calculation. 

The data shown in Table II substantiate very satisfactorily the predic- 
tion of equation (3). The fact that the data were so good is probably the 
result of having only one electrode of fairly constant area involved in each 
comparison. The agreement obtained in these experiments (plus the 
fact that all of the changes were somewhat greater than predicted) is evi- 
dence that the wide limits of error found in the deposition curves where 
several electrodes were involved was largely the result of differences in the 
electrode area. 


Change in Ese, with A 


Indirect evidence has already been presented to support the idea that the 
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electrode area is an important factor affecting the extent of deposition of a 
trace. It was evident that any attempt to evaluate this factor quanti- 
tatively would be limited by the reproducibility of the curves. This 
reproducibility was first determined by calculating the Eso, value for 
several points on a curve using the equation 


When this was done for a number of curves, the values were regularly found 
to spread over 50-60 mv. An independent check was then made by de- 


TABLE III. Study of the d iplicability of the pe cent silver de posite d from 5 mi. 
of 0.1M KNO; (pH 4.0) ond em? platinum at +-0.500 v. vs. S.C.E 


Activity 
Cathode no Material balar 
Cathode Supernatant Bridges 
1 87 7 4 98 
2 ’ 2 4 105 
3 5 5 101 
+ ) 36 5 96 
) 74 18 f 98 
6 4 4 2 100 
7 4 26 20° 110* 
8 a 14 7 101 
9 s 2 2 102 
10 y 2 f us 
11 9 2 | 97 
12 i 1 2 97 
13 v4 4 99 
14 2 2 2 96 
15 88 4 4 96 
Average 86 + 10 9 4 99 
* Probably in error; omitted from average 
Ave. 1-8: 81 + 12% = 23 mv. variation in Espo, 
Ave. 9-15: 94 + 3% = 15 mv. variation in Espey . 
Ave. 1-15: 86 + 10% + 27 mv. variation in Eggo,. 


termining one experimental point 15 times using a different electrode each 
time. After being boiled in nitric acid for 30 minutes, electrodes 1 through 
8 were allowed to stand in a warm solution of cyanide for an hour before 
being used whereas electrodes 9 through 15 were not removed from the 
cyanide for 64 hours. From the averages of the percentage plated on the 
two groups of cathodes, one can calculate that the average increase in area 
resulting from the prolonged treatment with cyanide was 2.7 fold. This 
change might have been somewhat greater if new platinum electrodes had 
been used for the first group of experiments instead of electrodes which had 
already been used many times. However, an overall average of the data 
in Table III represents the extremes encountered in the present study in 
selecting an electrode at random and cleaning it. It is important to note 
that the maximum spread of 54 my. confirms the other results. 
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To study the change of Eso°; with area, convenience favored the choice of a 
smaller rather than a larger electrode for comparison with the standard 
5.0 cm. electrode. It was found that a wire of about 0.14 em.* plane area 
would reach essentially an equilibrium value in 15 hours time when the 
volume of solution was 5.0 ml. Because of the limits of error in the over- 
all procedure, the resulting factor of 35 could barely produce a significant 
result, and even then only if a sufficiently large number of determinations 
were made to allow statistical reasoning to be used. For that reason, it is 
interesting to observe that although the results presented in Table IV are 
too few to allow conclusions of quantitative nature to be made, they do in- 
dicate a trend in the proper direction, i.e., less plating on the smaller 


elect re de. 


TABLE IV. Effect of electrode area on Exo, for a trace of silver in 5 ml. of 0.1 
WU KANO; at pH 4.0 


\ 
Activity on cat ‘ Deviation from calculated 


rhe procedure was as follows: The amount plated onto a 5.0 em-~ elec- 
trode was determined using the procedure deseribed in the preceeding SeC- 
tion In getting data for the smaller electrode a sheet of waxed paper was 
substituted for the 5.0 em. electrode in the regular cell. The micro elec 
trode was prepared by sealing a platinum wire above it into a glass tube, 
immersing the wire and about three inches of glass tubing into melted wax, 
and then scraping the wax from a measured portion of the wire with a razor 
blade. The exposed portion of wire was caretully cleaned in the usual way 
with nitric acid followed by cyanide. A study of the rate ol plating from 
5.0 ml. showed that in 15 hours one reached greater than 97 per cent of the 
equilibrium value, so a 15 hour electrolysis was made before determining 
the distribution of tracer. 


Influence of the electrode material on E; 


\ll of the experiments that have been described above were carried out 
with platinum electrodes. There is much evidence in the literature (1, 
10, 11, 12) that variations arising from differences in electrode materials 
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are often very slight, but the results given below for tantalum. gold, 
rhodium, palladium, and tungsten indicate that such agreement may be 
exceptional. 

The study consisted of three parts: (a) a polarographic study of the de- 
position of “macro” amounts of silver on the various elements, (b) a rapid 
non-equilibrium determination of a deposition curve for a trace of silver. 
TABLE VY. Effect of various electrode materials on the E of a 10 VU silve 

solution in 0.1 M NaClo, at pH 4.0 





PERC 














L l is l i aS 
- BOL 4 0. e 04 Ok 5-10 
Fic. 3. Deposition curves for a ‘‘trace”’ of silver in0.1 M KNO; (pH 4.0) on various 
electrode materials. Gold, g Platinum, a Tungsten, Rhodium, Palladium, 


ss Tantalum 


and (¢) a rapid non-equilibrium determination of the reversibility of the 
deposition. It was hoped that by running platinum along with the other 
metals, a rough control would be available by which to judge how far the 
last two types of curves for each element deviated from equilibrium values. 
Points were taken after 30 minutes at a particular potential. 

The polarographic halfwave potentials for a millimolar solution of silver 
in 0.1 M perchlorate at pH 4.0 are listed in Table V. Although the values 
are rather close to one another, one should note that there is a spread of 
nearly 0.1 v. in the halfwave potential despite the fact that it is usually 
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possible to duplicate halfwave potentials for a platinum electrode within 
t0.01 v. (7). It seems reasonable to conclude, therefore, that the differ- 
ences in polarographic behavior are real. 

It was interesting to find that the deposition curves for tracer silver 
followed essentially the same pattern as the polarographic curves (Fig. 3). 
The Es for silver on gold was more noble while those for tungsten and 
tantalum were less noble than the value for platinum. 

The respective stripping curves (Fig. 4) produced very marked differ- 
ences: (a) The wave for tungsten was poor and stripping was incomplete; 
b) Tantalum, even at +2.6 v., had stripped only a few per cent more than 




















it had at +1.2 v.; (c) While the platinum stripping wave shifted about 
l l | 

FIG $ Stripping curves tor a ‘trace’’ of silver on various electrode materials in 

1.1 M KNO, pH 4.0 Gold, @ Platinum, Tungsten, a Rhodium, Palladium, 


e@ Tantalum 


+().2 v. from the deposition wave, the dissolution wave for gold was shifted 
—0.06 v. 

Spectrographic analyses indicated that before any depositions had been 
made rhodium, tungsten, and tantalum were spectrographically free from 
silver while platinum, palladium and gold had trace amounts present. 
However, the observed differences in behavior cannot reasonably be at- 
tributed to variations in the amount of silver in the materials. 


Miscellaneous studies 


Before carrying out the experiments described up to this point, the rela- 
tive importance ol each experimental factor was evaluated as carefully as 
possible. For example, a determination of the time required for complete 
98°) plating was carried out every time a change was made in electrode 
area, volume of solution, or electrode material. Each rate-of-plating curve 
was established with five or more points. 
Reproducibility tests were made for all plating and stripping curves. 
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At the same time extensive studies of sorption losses were also made. 
Ceresine wax was found to be the most suitable substance for covering the 
glass surfaces. It was found, too, that in working with nitrate and per- 
chlorate solutions the use of a waxed paper gasket was much better than 
one of scotch tape. The fact that absorption losses decreased with increas- 
ing stability of the silver complex suggests that better recoveries and im- 
proved analytical separations should result from the use of more stable 
complexing agents. 

The question of whether or not the curves represented equilibrium data 
is primarily a matter of definition. It was sometimes difficult to remove 
the activity entirely from an electrode, an experience that most investi- 
gators have encountered. Furthermore, in determining the rates of plat- 
ing and stripping two very distinct rates were noted in each curve. For 
example, in plating silver from 25 ml. of a solution onto a 5.0 em. elec- 
trode, the rate of plating was rapid for the first five hours. During the 
following 24 hours, the activity in the supernatant dropped about 25 per 
cent. An analogous study of stripping rates showed an abrupt change in 
rate between 15 and 30 minutes after electrolysis began, and, after 24 hours, 
the activity of the supernatant had increased about 35 per cent. 

There is no doubt that silver diffused into platinum to form a solid 
solution. A true equilibrium value would require a homogeneous solid 
solution to be in equilibrium with the aqueous solution and, by using data 
obtained after 5 hours of plating, one is dealing with a constantly changing 
system. However, since the rate of diffusion in the solid is slow compared 
to the rate of plating, it should be possible to arrive at a first approximation 
to an equilibrium value by electrolyzing only until the rate of plating 
changed. The value thus obtained is in equilibrium only with respect to a 
thin layer of the “inert” electrode (13). Attainment of equilibrium with a 
homogeneous solid solution was impractical in these studies where it was 
desirable to use .004 in. (.01 mm.) foil because of its sturdiness. 

As yet, insufficient information is available to allow a reliable calculation 
of E, to be made. It has been pointed out that factors other than E£,, 
especially the rate of dissolution of the electrode, will influence the position 
of a deposition curve for a trace. It is apparent that before investigations 
‘an be undertaken to study changes in EF, (or fs) with changes in the 
fraction of a surface covered by an “‘active”’ (in the thermodynamic sense) 
deposit, a more exact knowledge of electrode area and rates of dissolution 
is necessary. 

It is also apparent that except for the solutions containing 1 M acid or 
base, the absence of a buffer resulted in appreciable changes in pH during 
an electrolysis. Changes as great as 4 or 5 units were quite common. 
For example, 0.1: M potassium nitrate at pH 4.0 was usually about pH 10.2 
after a five hour electrolysis. Although such changes were undesirable, 
they were quite uniform at all potentials on a particular curve. For that 
reason the absence of a buffer was not felt to be serious, and its absence 
reduced the complexity of the solution. 


CONCLUSIONS 
Evidence has been presented to show that the volume of solution and 
the electrode area affect the position of a deposition curve for a trace con- 
centration of silver. The position of the curve is independent of the initial 
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concentration of the trace. This behavior can be predicted from the 
Nernst equation providing one assumes that the thermodynamic activity 
of the deposit varies with the fraction of the “inert” electrode surface 
covered by the deposit. For that reason, the investigators who assumed 
that the activity of the deposit would always have a value of unity (1, 12, 
14) were in error in concluding from their data that a Nernst-type expres- 
sion did not describe the deposition behavior of traces. However, it does 
appear that the Nernst equation is inadequate for other reasons, namely, 
that the free energy ot alloy formation and the rate of dissolution of the 


“inert”? electrode must be considered 
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THE ELECTROCHEMICAL PROCESS FOR THE 
PRODUCTION OF FLUOROCARBONS! 


J. H. SIMONS ann COWORKERS 


Fluorine Laboratories, The Pennsylvania State College, State College, Pennsylvania 


A direct electrochemical method for the preparation of fluorocarbons in 
which elementary fluorine is neither produced nor employed is described in 
the five parts of this article. All previous methods for producing these 
substances involved the use of elementary fluorine either through direct 
reaction with carbon or carbonaceous substances or in the preparation of 
intermediate metal fluorides such as CoF; or AgFs. 

This process consists of passing an electric current through a simple one- 
compartment cell containing an electrically-conducting hydrogen fluoride 
solution and an organic compound or compounds. In some cases the 
organic compound forms an electrically-conducting solution but in others, 
as for example hydrocarbons, addition of a third substance to impart con- 
ductivity enables the process to be used. The products are isolated from 
the cell gases or are drained from the bottom of the cell depending on their 
boiling points. 


I. THe GENERALIZED PROCEDURE AND Its USE wirH NITROGEN 
(COMPOUNDS 


J. H. Stmons 
ABSTRAC1 


A description is herein given of the general method by which fluorocar- 
Dons and some Ol their derivatives are obtained Irom hydrogen fluoride, 
an organic compound, and an electric current. 

The cells used are.made of any material resistant to hydrogen fluoride; 
the cathodes are usually iron and the anodes nickel. The cells are usually 
operated at potentials of five to six volts. \t these potentials fluorine is 
not generated, but at much higher potentials it is with resulting explosions 
and extensive decomposition of the organic material. 

The principal fluorocarbon product contains the same number of carbon 
atoms as the hydrocarbon radical of the organic compound. 

The process 1s illustrated in the employment ol pyridine as the source 
material and other nitrogen-containing examples. The peculiar behavior 
of mercuric cyanide in the cells is described. 


INTRODUCTION 


The desirability of other methods of producing fluorocarbons became 
immediately evident upon the discovery of the original preparation, 
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the Philadelphia Meeting, May 4 to 7, 1949 


47 











48 J. H. SIMONS ET AL. February 1949 


separation, and identification of liquid fluorocarbons from the mercury 
catalyzed reaction of fluorine and carbon reported by Simons and Block 
1). The original method has been repeated on a much larger scale with 
the identification of more compounds by Simons and Pearlson (2). 

Although fluorocarbons in a mixture of a large number of compounds are 
produced in this manner, each compound is in relatively small percentage 
of the total and separation difficulties are encountered. It would be de- 
sirable to find a process that would be more specific for the preparation of 
particular compounds and it would be particularly advantageous if this 
process did not require the use of elementary fluorine. As soon as the orig- 
inal work had shown the desirable properties of the fluorocarbons, experi- 
ments were immediately initiated on other methods for attaining these 
desired ends. A direct electrochemical method was discovered in these 
laboratories which did this, and a paper describing some of the early 
work was accepted tor publication by the Journal of the American Chemical 
Society in 1941, but was withdrawn for security reasons. It follows in 
Part IL of this paper in essentially its original form. 


HISTORICAL 


Other methods of producing fluorocarbons have also been found.  Fre- 
denhagen and Cadenbach (3) controlled reactions between elementary 
fluorine and liquid hydrocarbons by the beneficial geometry of fine mesh 
copper screening. No fluorocarbons were produced but complex products 
containing a small percentage of fluorine were obtained. Miller, Calfee, 
and Bigelow (4) employed the same idea for the partial replacement of the 
chlorine of hexachloroethane with fluorine in the vapor phase. Employing 
the same technique Young, Fukuhara, and Bigelow (5) fluorinated ethane 
and obtained some C.Fs. It was not until Fukuhara and Bigelow (6) 
tried benzene that liquid fluorocarbons were produced. Cady, Grosse, 
Barber, Burger, and Sheldon (7) improved this technique by silver plating 
the copper gauze to provide a catalytic surface in addition to the advan- 
tages of geometry provided previously and made the production of specific 
fluorocarbons more feasible by this method. Ruff, and Ruff and Ascher 
(8), showed the preparation of cobaltic fluoride, and Fisher and Jaenckner 
(9) used it in the synthesis of sulfur fluorides. Ruff and Keim (10) used 
it in the replacement of chlorine with fluorine in carbon tetrachloride. 
Cobaltous fluoride is converted to cobaltic fluoride by elementary fluorine 
and the reaction reduces this back to the cobaltous state from which it is 
reoxidized by fluorine. Fowler, Burford, Hamilton, Sweet, Weber, Kas- 
per, and Litant (11) employed this technique with hydrocarbons and pre- 
pared large quantities of fluorocarbons. Good yields of specific products 
are produced by this process. Another interesting method of producing 
fluorocarbons has been reported by Park, Benning, Downing, Laucius, 
and MecHarness (12). From chloroform, CF2CIH is made using the Swarts 
reaction. A thermal decomposition of this material yields, in addition to 
C.F,, small amounts of the cyclic fluorocarbons C;Fs, C.F 3, and compounds 
of the formula H(CF,)<Cl. The compound with X = 14 has been sepa- 
rated. These compounds can be chlorinated to replace the hydrogen atom, 
and then by exhaustive and vigorous fluorination, the chlorine replaced 
with fluorine. Straight chain and certain cyclic fluorocarbons can be ob- 
tained by this path. 
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Another interesting method of producing fluorocarbons is reported by 
Miller, Ehrenfeld, Phelan, Prober, and Reed (13). Elementary fluorine 
reacts with a completely halogenated olefin in the liquid phase at low tem- 
perature to cause coupling in addition to removal of unsaturation by addi- 
tion of fluorine. An interesting example is the addition of fluorine to 
CFCI=CFCI. In addition to other products, CF:CI—CFCI—CFC1 
CF.Cl is obtained. Dechlorination yielded CF.==CF—CF=CF:,. On 
further liquid phase fluorination of this diolefin, fluorocarbons such as CsFis 
and CyF2 were obtained. 


GENERALIZED TECHNIQUE AND EQUIPMENT 


The electrochemical process consists of passing an electric current 
through a simple one compartment cell containing organic chemical com- 
pound or compounds, and an electrically conducting solution containing 
hydrogen fluoride. Many organic compounds, particularly those contain- 
ing oxygen or nitrogen, have relatively high solubility in liquid hydrogen 
fluoride and form an electrically conducting solution. Others, such as 
hydrocarbons, are not very soluble and do not form conducting solutions, 
but fortunately the addition of some material which imparts conductivity 
enables the process to be used even with hydrocarbon starting materials. 

The cells can be constructed of any material, such as iron or copper, not 
readily attacked by hydrogen fluoride. The electrodes can be in a com- 
pact pack with alternating cathodes and anodes. The cell body can serve 
as part of the cathode. The anodes are usually nickel, but other metals 
show promise. Cathodes can be nickel, iron, copper, and many other 
conductors. Hydrogen is generated and gaseous or readily volatilized 
products escape with the hydrogen. Liquid products form a layer in the 
bottom of the cell and are drained off. Voltages between 5 and 8 are useful 
but between 5 and 6 are preferred. Sometimes even lower voltages are 
possible. Current density in the order of 0.02 ampere per sq. em. can be 
employed. 

The cells normally operate without the generation of elementary fluorine. 
\t the potentials employed, no fluorine is produced. If the potential is 
raised so that the element is a product, extensive corrosion of the electrodes 
occurs, some fluorine escapes and can be detected in the exit gas, minor or 
even major explosions occur, and undesirable decomposition of the organic 
materials results. Satisfactory yields of fluorocarbons under these condi- 
tions are not obtained. 

Various size cells have been used as this process developed. The first 
ones were only slightly larger than a test tube. Much of the experimental 
work was done with cells 3 inches in diameter and 12 inches long which 
carried 3 to 4 amperes. For larger quantities of materials, cells were 
used which carried 50 to 200 amperes. At present a cell carrying 2000 
amperes is employed. It has been convenient for laboratory reasons to 
operate the cells in ice baths at or near 0°C. because of the loss by vaporiza- 
tion of the hydrogen fluoride; but by increasing the pressure, higher tem- 
peratures have been used. This loss of hydrogen fluoride can be reduced 
by other means, such as reducing its vapor pressure with solutes, low 
temperature stripping condensers on the exit line, etc. 

A great variety of organic compounds has been used. [Examples of some 
of these are reported in the following parts of this paper. Carboxylic acids 








50 J. H. SIMONS ET AL February 1949 


are generally useful, as are alcohols, ethers, amines, ete. Even hydrocar- 
bons can be used to vield high percentages of the corresponding fluorocar- 
bon, such as octforane from octane. From the carboxylic acids, in addition 
to saturated fluorocarbons corresponding to the hydrocarbon radical, a 
significant amount of hydrogen containing product is obtained, such as 
CF;H from acetic acid, C.F;H from propionic acid, C3F;H and C3FsHe 
from butyrie acid, ete. From some of the oxygen-containing substances 
Ol particularly if water Is present is a product, and Ways of both mini- 
mizing it and destroying it have been found. NF; is a product from 
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Fie. 1. Fluorocarbon producing cell (laboratory size A. Cell body of 3 in. iron 
pipe, B. base of } in. iron plate silver soldered, C. flange brazed to cell body, D. top 
iron pl ite, E. inlet and outlet tubes of | in. iron pipe, F. copper tubing anode support 


+ in. O.D., G. anode, H. Saran tubing insulation, I. gasket, J. center cathod 





certain nitrogen-containing starting materials. COs and even CO are found 
in some cases but the former is more prevalent. 

In some cases resinous material is formed in the cell. In most cases this 
is soluble in the electrolytic solution and does not interfere with operation. 
Fluorine content up to 50 or 60 per cent has been found in these resins. 
In other cases no residual materials are found even after extended use of 
the cell. In general, there is little or no corrosion of the electrodes. 

There is generally the greatest amount of product in the range of the 
number of carbon atoms in the organic radical of the starting material. 
In many cases products are obtained containing a larger number of carbon 
atoms per molecule than the starting materials, and there are frequently 
products containing less. Ethers give good yields of products in which the 
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number of carbon atoms is equal to the total number of carbon atoms per 
molecule of the ether. Products containing the number of carbon atoms 


of the hydrocarbon radical are also found. 


EXPERIMENTAL 


The cell used in the following experiments is shown in Fig. 1. It was 
made of a length of 3-inch iron pipe, 12 to 15 inches long. 

Pyridine—The cell was placed in a tube of ice and 700 grams of hydro- 
even fluoride were added. Current was passed through the cell until 
fluorine was generated. This was done to dry the liquid. Then 120 grams 
of redistilled pyridine were slowly added. The voltage remained relatively 


steady vith an average of 5.7 and the average current was 4.0 amperes 
In 76 hours 15.2 faradays were passed. 

In OHSeCOUS products Irom the cell passed through a sodium fluoride tube 
to remove hydrogen fluoride, then into a trap kept in a solid carbon dioxide 


bath, and finally into a gas holder. From the gas holder the gas was 
dried and passed through a trap kept in liquid air. The gaseous products 
were found in the two traps. The liquid air trap contained a material boil- 
ing about 124°C. that had a molecular weight determined by gas density 
of 71-73. This material is nearly pure NF; and its total amount was 32 


grams. Next, 168 liters of hydrogen were measured. In the solid carbon 
dioxide cooled trap were found 130 grams of material which boiled above 
room temperature. On distillation through an efficient laboratory column, 
110 grams of it boiled 27-28°, had a determined molecular weight of 288, 
and showed 79 per cent fluorine by analysis. This material is pentforane, 
C;F yo. The remaining 20 grams boiled progressively from 28° to above 50°. 

The cell was examined after the termination of the experiment. It was 
found clean and without evidence of corrosion. There was some material 
other than hydrogen fluoride remaining. A considerable portion of this 
Was unreacted pyridine but about 8 grams of 2-fluoropyridine were also 
found. 

In a much larger scale experiment using pyridine as raw material, 1 kg. 
of NF; and 5 kg. of pentforane CsF 2 were recovered. 

2-F luoropyridine was also used as starting material with results nof 
greatly different. 

Quinoline was also used as starting material. The initial charge was 100 
g. but an undetermined amount remained at the end of the experiment. 
Just as in the case of pyridine, nitrogen trifluoride was produced. Thirty- 
nine grams of fluorocarbons were obtained, of which 22.2 grams boiled 
117-117.5°, had a determined molecular weight of 446, and had an analysis; 
I, 75.6 per cent; C, 23.1 per cent; H, 0.0 per cent (CoF is; mol. wt., 450; F, 
16%; C, 24%). 

Acetonitrile—In an experiment using a technique similar to the one re- 
ported above, with the exception that the product was collected directly 
in a liquid air cooled trap, 20 faradays gave 201 grams of fluorocarbon 
products from a cell charge containing 205 grams of CH;CN. 

This experiment was unsatisfactory in that the cell developed a leak and 
transfer of the contents had to be made to a new cell. Although one third 
of the product was CF,, small amounts of both CF;CN and C.F;H were 
found. The CF:CN occurred in a fraction boiling at —61°C. It reacted 











J. H. SIMONS ET AL. February 1! 
with KOH solution with the evolution of ammonia. The dried salt was 
erystallized from absolute ethanol and by analysis found 36.1 per cent F 
CF;CO.K, 37.5% The hydroethforane C.Fs;H occurred in a fraction 
boiling —47° to 14° with a determined molecular weight of 119-124. 
Corrosion to the cell body and electrodes occurred in this experiment and 
inorganic salts were found in the cell after the conclusion of the experiment. 
The experiment is significant in showing that derivatives of fluorocarbons 
as well as the fluorocarbons themselves are produced by this process. 

Vercuric cyanide.—The properties of mercuric cyanide in liquid hydrogen 
fluoride are both unusual and of some interest. As most soluble cyanides 
react with liquid hydrogen fluoride to liberate HCN, which is not soluble, 
and as HgF» is but slightly soluble in hydrogen fluoride, it is surprising that 
mercuric cyanide is both soluble in hydrogen fluoride and forms a conduct 
ing solution. A still more surprising fact, however, is that, at low voltages, 
this solution passes a direct electric current without the production of gas- 
eous products and with the mercuric cyanide subsequently recovered from 
the solution 

In the same cell as used for the pyridine experiment, 60 grams of mercurie 
cyanide were added to 400 grams of hydrogen fluoride previously dried elec- 
trically. Five to 5.4 volts allowed 2.7 to 2.8 amperes to flow and this con- 
tinued for the passage of 8.7 faradays. Two hundred ee. of gas were 
evolved at the start of the passage of current and none subsequently. 
I} ere were reco’ ered irom the cell contents DO grams ot mercuric cvanide. 

In order to increase the voltage, the anode area was reduced and the 
experiment repeated at higher potentials. A potential of 12 volts showed 
the production of fluorine but at the potential used, 7.4-7.8, no fluorine was 
produced: 4.4 faradays were passed; 11.8 liters of hydrogen and 12 grams of 
impure methforane CF, were obtained. The cell residue was mostly 
mercuric cyanide plus 12 grams of mercury. 
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Il. THe ELECTROLYSIS OF SOLUTIONS OF ORGANIC SUBSTANCES IN 
Liqvuip HyproGen FLUORIDE? 
J. H. Stuons, H. T. Francis, anp J. A. Hoae 
ABSTRACT 

This paper describes the first experiments on the electrolysis of solutions 

organic substances in liquid hydrogen fluoride. 

rhe electrolysis of carboxylic acids and alcohol solutions in liquid hydro- 
ven fluoride was found to yield fluorocarbons and hydrogen-containing 
fluorocarbons ranging from carbon tetrafluoride and fluoroform to materials 
wiling well above 100°C. 

Che products of the electrolysis of solutions of carboxy hie acids in hydro- 
ven fluoride vould be expected to be different trom those ot electroly Sis in 


iter because of the known differences in the ions (1 In hydrogen fluor- 
de the ions are CH;,CO.H.* and F~- while in water the ions are CH,CO 
and Hl The products formed can be accounted for on the basis of the 
reactions of these ions at the electrodes and by the change in acid strength 
s fluorination proceeds. \leohols and ketones also become positive ons 


n hydrogen fluoride and the electrolysis of their solutions may be similat 


to those of acetic acid 


INTRODUCTION 


Chis investigation us indertaken to study the electrolysis of solutions 


organic chemical substances in liquid hydrogen fluoride 


EXPERIMENTAL 


Che elect: lysis cell vas made of al evlindrical coppel vessel to which 
vo outlet tubes on the side near the top. One of these was 
connected to a manometer \ nickel anode entered from the top ol the 
essel and was insulated either by means of a rubber stopper or by an annu- 
lar seal of wax. The evolved gases were passed through either sodium 
fluoride or a solution of sodium hydroxide to remove hydrogen fluoride and 


as attached 


then were collected over water in carboys 
\cetic acid.—A solution of one mol in 115 grams of hydrogen fluoride was 
electrolyzed at 0° until 4.5 faradays of electricity had passed. The average 
potential was 12 volts and current 5.2 amperes. In the evolved vases there 
is, in addition to carbon dioxide and hydrogen, a mixture of carbon tetra- 
fluoride and fluoroform in a ratio of about one to two. The vield of fluori- 
nated products based on the current consumption was about 50 per cent. 
No fluorinated acetic acids were found in the examination of the cell residue 
tcelyl chloride reacts with hydrogen fluoride to form hydrogen chloride 
and acetyl fluoride. This material was found to have a high electrical 
esistance in hydrogen fluoride so that sodium fluoride was added for ele« 
trolysis. After 4 faradays of electricity were passed at —80°C., a mixture 
e jual quantities of carbon tetrafluoride and fluoroform was obtained 
These represented a yield of fluorinated 


om the gaseous products 

Part II of this paper was submitted to the Editor of the Journal of The American 

Chemical Society, April 3, 1941, but was withdrawn for security reasons after being 
ited for publication It is her reproduced essentially ir 


, 
its original torm 
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products of about 10 per cent based on the current passed. As trifluoro- 
acetyl fluoride is a possible product and because of its low boiling point 
vould be carried out of the cell with the escaping gases, the sodium hydrox- 
ide solution from the trap was examined for the salt of trifluoroacetic acid. 

lectone \ solution of one mol in 130 grams of hydrogen fluoride was 
electrolyzed at O° using a current of 5.4 amperes at 8 volts. \bout equal 
quantities of carbon tetrafluoride and fluoroform were found in the gaseous 
products in a vield based on current passed of approximately 25 per cent. 

T) meth ylaceli acid. \ solution of this acid Vas electrolvzed under 
similar conditions Forty grams were dissolved in 200 grams of hydrogen 
fluoride. At a potential of 4 volts, 8 amperes of current passed until 120 


liters of gas ere collected. Of the material condensable in liquid alr, 





about one third Vas carbon tetrafluoride and the rest probably OF.. A 
small amount of tar was formed in the cell. The residual organic acid was 
found to give a negative test for fluorine 

Vormal propyl alcohol (2 mols in 260 grams of hydrogen fluoride) was dis- 


solved and the solution electrolyzed. rhe VASCOLUS products were passed 
through an aqueous sodium hydroxide solution, water, concentrated sulfuric 
acid, and a receive! placed in liquid air. he condensate in the receiver 
Was separated into three portions by simple distillation, from — 128° to 

79°, —75° to —25°, and —25° to +30°. The average molecular weights 
of these portions were respectively 119, 138, and 243. These products were 


concluded to be mixtures of fluorinated hydrocarbons with and without 
hydrogen in the molecules ranging from carbon tetrafluoride up to mole- 
cules containing more than three carbon atoms. Octafluoropropane has a 
molecular weight of 188 and boils at 38° (2). Since the gases were 
bubbled through sulfuric acid as well as water and a sodium hydroxide 
solution, aleohols, ethers, and similar compounds are probably absent. 
The residue from the cells, when freed from hvdrogen fluoride and distilled, 
consisted of about 5 cc. of a mixture similar to that observed in the dis- 
tillation of the gaseous products, but with a higher boiling range, 60° to 
105°C. It was more dense than water and was immiscible with it. 

Normal amyl alcohol gave products on electrolysis of its solution not 
greatly different than normal propyl alcohol except for somewhat higher 
boiling points. One hundred cubic centimeters of the alcohol was dis- 
solved in 300 grams of hydrogen fluoride, and the solution electrolyzed with 
a current of 3.5 to 4 amperes at 8 to 9 volts for 100 hours, producing about 
200 liters of gas. After the gas was scrubbed with both sodium hydroxide 
solution and sulfuric acid, about 20 ec. of liquid was condensed from it. 
About one fourth of this boiled up to room temperature but chiefly above 
the ice point. The remainder boiled between 30° and 135°. The remainder 
was divided into about four equal parts by simple distillation, the first of 
which boiled 30° to 45° and had a molecular weight of 196: the second, 
boiled 45° to 60° and had a molecular weight of 215; the third boiled 60 
to 100° and had a molecular weight of 243; and the fourth boiled 100° to 
135° and had a molecular weight of 340. 

In the cell were found about 50 ec. of a thick brown liquid. It was in- 
soluble in water but soluble in ether and in sulfuric acid. It apparently 
was polymerized organic material and resisted further investigation. 

Acetic acid and also sodium acetate dissolved in molten KF-3HF and 
electrolyzed at 75°C. gave a mixture of fluoroform and carbon tetrafluoride 
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in a ratio ot about two to one, with a vield based upon current passed ol 
about 40 pel cent. 


DISCUSSION 
Che products formed by the electrolysis ot solutions of acetic acid in 
| vdrogen fluoride would he expected to be different trom those formed by 
the electrolysis of an aqueous solution because of the known difference 


in 

the ions (1). In hydrogen fluoride the ions are CH,;CO.H.* and F-. The 
luoride 101 ould move toward the anode and on discharging would react 
th organic material in solution, i.e., fluorinate the acetic acid The 
(C'H;,;CO.H.* ion would discharge hydrogen at the cathode. Fluorinated 


cetic acids might, therefore, 
detect them. However, as a 


toms introduced in 


be expected but we have been unable to 

tic acid is fluorinated and 1, 2, and 3 fluorine 

place of the hydrogen atoms, the molecule becomes 

more acid If the di- and tri-fluoroacetic acids ionize as strong acids to 
l 


nd trl fluoroacet lf und hydrogen ions reasonable explana 


on of the products is available \n aqueous solution of acetic acid elec- 
trolyzes to produce ethane and methane, the relative amounts of which 


depend upon such factors as current density, the presence Ol other ions, ete 
{n aqueous solution of trifluoroacetic acid 


3 produce Ss some hexafluoro- 
ethane upon electrolvsis 


Thus, the trifluoroacetate ion would be expected 
to lose carbon dioxide upon discharging. The molecular Iragment thus 


produced would immediately react. As fluoride ion is present in large 
excess and is also discharging at the same electrode, carbon tetrafluoride is 
the expected product. By similar reasoning fluoroform is the expected 


product from the discharge at the electrode of the difluoroacetate ion. 
\cetone becomes a positive ion Nn liquid hydrogen fluoride, ind the elee- 
trolysis of its solution may be similar to that of acetic acid. 


The partially 
fluorinated substances first formed undergo 


a break in a carbon-carbon 
bond either by electrolysis or by further fluorination. As acetyl fluoride 
is a poor conductor it is difficult to understand its behavior. 
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[I1l. From HyprRoGEN FLUORIDE-SOLUBLI 


J. H. Simons ano W. J. HARLAN 
ABSTRACT 


In Part II, the earlier work of Simons, Francis, and Hogg showed that 
fluorocarbons could be produced electrochemically. By the use of a bank 
of larger cells useful quantities ol material were obtained, the nature of the 
fluorocarbon products was determined in greatel detail, and the relative 
usefulness of various types of hydrogen fluoride-soluble organic com- 
pounds was estimate d. 
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Proceeding from a carboxylic acid through an alcohol to an amine, the 
compounds become progressively more basic; at the same time, the spread 
of fluorocarbon products obtained becomes narrower and more closely 
concentrated in the region of the number of carbon atoms of the starting 
material. Used as starting materials in the process are n-amyl alcohol, 
valeric acid, and n-octyl amine. 


INTRODUCTION 


Che preceding section of this paper showed the possibility of producing 
fluorocarbons by passing an electric current through a solution of an organic 
substance in hydrogen fluoride. This was particularly evident in the case 
of certain aleohols. Further work has now shown that considerable fluoro- 
carbon products can be obtained in this way not only from alcohols but also 
from carboxylic acids, amines, etc. Examples of these are herein given. 


EXPERIMENTAL 
Apparatus and technique 


A much larger cell than previously used was employed in order to ob- 
tain larger quantities of product. It was constructed of a three inch iron 
pipe fifteen inches long, closed at the bottom with a one-fourth inch iron 
plate (silver soldered), and at the top with an assembly carrying the anode 
held tight with a lead packing. The anode consisted of a sheet of 3’; inch 
nickel rolled into cylindrical form two inches in diameter and nine inches 
long and secured to a concentric one-fourth inch nickel rod which served 
both for electrical connection and physical support. It was insulated from 
the cell body by a seal of a mixture of two-thirds ceresin wax and one- 
third mineral oil. The cell body served as the cathode and had outlets 
for gaseous products consisting of one-fourth inch copper tubing silver 
soldered into the side wall of the iron pipe. It was charged through the 
same openings. Six of these cells were used at the same time in order to 
obtain significant samples of products. They were operated at a current 
density of about 0.012 amperes per sq. em. This necessitated a voltage 
close to 5.5 for most substances. 

In operation, these cells were charged, placed in a bath of ice and water, 
connections made, and current started. The gas escaping from the cell 
consisted chiefly of hydrogen contaminated with hydrogen fluoride evap- 
orated from the electrolytic solution, and the other products formed as the 
result of the passage of the current. This gas was passed through a water 
scrubber to remove the hydrogen fluoride and then into 50 gallon steel 
drums arranged to serve as gas holders. 

The temperature of the electrolytic solution is not a variable of major 
significance. These three inch iron pipe cells were not provided with means 
for determining the temperature of the solution in the cell. In operation 
this must be somewhat higher than the surrounding bath. Temperatures, 
therefore, were not determined for the solutions employed in the following 
reported experiments 

At the end of the experiment the products were obtained from the 
contents of the drums by passing the gas through a NaOH scrubber to 
remove CO, and then through traps immersed in liquid air. The cell con- 
tents were also examined. 
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Amyl alcohol.—Eight mols of alcohol was distributed to the six cells 
Six hundred and seventy-five grams of hydrogen fluoride were charged to 
each cell initially and 300 grams added subsequently to make up for losses 
by evaporation and consumption by the process The current was stopped 
after 185 hours and the use of 145 faradays. Twenty grams of CO ere 
obtained and 75 grams of gaseous products boiling up to the temperature of 
solid carbon dioxide mixture This consisted of a mixture of CFy, CF;H, 
ind C.Fs, but it was not examined in detail. Two hundred and sixty 
grams ol material boiling above 80° were fractionated (Table I 
\folecular weights vere determined by means Of a gas density balance 
previously described (1 
After residual hydrogen fluoride was allowed to « Vaporate Irom the cells, 
thev were extracted vith ether The ether \ ashings were extracted vith 
sodium carbonate washed with water, dried, and the ether evaporated. 


o hundred and sixty grams of a polymer were found which by analysis 


rABLE 1 


b 
$5 
" 3 
ai: 4 60.9 per cent 5 ae. per cent | 15.0 pe el | is SOLUDIE l 
the weton icetl d, methanol na yi I8Q,;, but insolu ! 
und 5 pei eent NaOH No etching is ODS ed n the tre 
H.SO, indicating tightly bound fluorins 
\s alcohols polymerize u hvaro ny ve] Le e to ! 
poivmer Is hot unexpected a} check ¢ pM ment 11 i( ho 
be removed after six hours from its solution in hydrogen fluoride 
| jUILE pp el | s Ou I ns I hing ili 
rhe ight toms Is prod ed | ne g Cs eling pel ¢ 
( nd the se ( n amoul ‘ o e Cul 
a Each e cells was charg val 
4 grams © d cere cle ( l Cl Rey nave y ‘ 
its for 135 hours whe e seals began ellis We 
1 from the wel one by ne LOG | “ \ l ot S2 | S 
s passed. Products obtained showed 30 grams of gaseous fluorocarbons 
ling up to solid carbon dioxide temperature (CF,, CFyH, C2Fs) and 377 


her which was fractionated (Table I] 


contents showed no residue. polymer, or tars 


grams of material boiling hig 
{n examination of the cell 
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\ mixture of fluorocarbons has been thus produced from a five carbon carl 
carboxylic acid ranging in number of carbon atoms from one to eight with pros 
a predominance of compounds containing four and five carbon atoms. mot 

n-Octyl amine.—Each of four cells was charged with 0.42 mols of n-octvl the 
amine and 500 grams of hydrogen fluoride Current was passed at an tage 
average of 5.3 volts with each cell carrying 3 amperes. A total of 100 hours forn 


operation for two cells and 125 hours for the other two resulted in the 


passage ol a faradays. 


The OHSeCOLLS fluorocarbon products boiling up to solid carbon dioxide 
temperature amounted to 12 grams. One hundred and ten grams of higher 
TABLE II 
ie: 


TABLE III 


acl 
elec 
her 
P ethe 
( 
2 1 
two 
] 
| ] ] ] ! 9- pis 
boiling liquids were distilled and no products obtained from —80° to +35 ier 
ree ”) 
Table II] | 
: oAS 
\ residue was found in the cells which was div ided into ether soluble and 

| rr ] slip 

ether insoluble portions The ether soluble portion was soluble in acetone, " 
: ‘ re 
methanol, and acetic acid: insoluble in petroleum ether and cone, Lit |; ] 
and decomposed in cone. H SO, and 20 per cent NaOH. It analvzed for no ee 
we : ian . na 

ionizable fluoride ion but 48.94—49.35 per cent total I lhe ether insoluble 
portion contained iron, 35.6 per cent hydrolyzable fluorine by boiling with sine | 
= = ; ’ . Cat 
25 per cent NaOH, and 50.7 per cent total F. : 
. ano 
DISCUSSION lor 
] 
\ comparison ot the production ol fluorocarbons by this direct electro- irol 
chemical process shows several interesting facts. As we proceed from a 
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carboxylic acid through an alcohol to an amine, the compounds become 
progressively more basic. The spread of products becomes narrower and 
more ‘losely concentrated in the region of the number of carbon atoms of 
he starting material. Both the alcohol and the amine showed disadvan- 
tages in the formation of polymeric substances, and the amine apparently 
formed products vhich reacted with the iron of the cell body. 


REFERENCE 


IV. From OxyGEN CONTAINING COMPOUNDS 


J. H. Simons, W. H. Pearson, T. J. Brick, W. A. WiLson, AND R. D. Dres 


ABSTRACT 
Che electrochemical process tor the production of fluorocarbons has been 
shown to function satisfactorily with a large range of Ooxvgen containing 
organic compounds With acids a spread of fluorocarbon products Is 
obtained with the number of carbon atoms both less than and greater than 


the number of carbon atoms in the hydrocarbon radical of the acid Che 


most significant percentage, however, Is in the fraction hay Ing this number 
of carbon atoms \ number of fluorocarbon hvdi des have been isolated 
from the produ ts. Aleohols and ethers also satisfactorily ga 


e fluorocar- 
bon produ ts 


INTRODUCTION 


In the preceding part of this paper there were indications that carboxylic 
] 
i 


1 to operate the 


electrochemical process for the preparation of fluorocarbons. We are 


11 I 


s and alcohols were preferred raw materials upon hich 


herein reporting more extensive studies of a number of acids, alcohols, and 
ethers. 
EXPERIMENTAI 

Cells of three different sizes and design were employed 

7 {pe 1. \ cell similai to the one described in the preceding p pel vith 

vo majo changes. \ : inch iron post welded to the center of the bottom 
plate of the cell body doubled the capacity of the cell as use was made of 
both outside and inside surtaces ol the cathode The cell top is he ld DV 
gasket of Saran or Teflon and the anode rod was both held and insu ed Dy 
slipping a piece of Saran tubing over it and tightening it in a 2 inch com 
pression fitting 

Type B.—A rectangular cell made of 4 inch iron boiler plate approxi- 
mately 6 in. x 15 in. x 27 in. high. Electrodes were made of sheet metal 


X 
is in. thick, 18 in. x 11.5 in. There were 8 anode plat 


catl «le plates of iron. Che cathodes were shorted to the cell bodv and the 
inode and cathode plates alternated in the electrode pat k Che ey sket 
lor the cell covel and the insulation Io! the : ode were made of Saran 
Type ( This cell was circular in cross section It consisted of a 6 inch 
iron pipe surrounded by a welded jacket of 8 inch pipe through which alco- 
re u Dy a wel jacket ¢ ich pipe rough which aico 
hol could be circulated as a cooling medium. The electrode pack consisted 
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of alternate sheets of ;'g inch nickel and iron approximately 4 inches wide 


and 9 inches long. Approximately 11 nickel and 10 iron sheets were used, 
the iron electrodes being shorted to the cell body. Saran gaskets and in- 
sulation were emploved The cell Was proy ided with it condenser on the 


Vis outlet through which cold alcohol from the refrigeration system could 
he circulated to remove excess hydrogen fluoride from the gas stream and re 


im it to the cell \ series of electrical probe s were prov ided which ex 
tended down from the cover plate They were used to determine the height 
of the liquid in the cell. Pumping equipment was provided to charge the 


cell and replenish used raw material while in operation 
The eXIt gases from the cell were passed through dry sodium fluoride to 
remove hvdrogen fluoride and then through a basic sodium thiosulfate solu 
tion to remove OF Krom Cell A the gases were collected in gas holders 
ver water, whereas for Cells B and C the VASES passed eounter current to a 
stream of aqueous ammonia in a tower to remove C'Ou., then through bub 
blers of basi sodium sulfite containing catalytic amounts of Ix | to remove 


(>| Liquid air cooled traps collected about 90 per cent of the fluoro 
caurbons Phe hvdrogen Was burned in heated chambers ol coppel oxide 
ind the residual fluorocarbons recovered from the exit gases in liquid all 
cooled traps \leans were prov ided for taking sumples of the vas Tol 
inalysis at various points of the purifying train 

leetie acid Preliminary experiments reported in Part If of this papel 


nadicated that both fluoroform and carbon tetrafluoride were obtained trom 
cetic acid. ‘To test this further and also obtain quantities of these sub 


stances for othe experiments the process was employed using acetic acid 
on a larger scale ype C cells were used and a total of 11 ke. of purified 
methtorane and 8 ke ol purified fluoroform were obtained Current be- 
tween 150 and 200 amperes passed through the cell at voltages between 6.0 
ind 7.5 with a current density of 0.04 amperes per sq.cm. Analyses of the 
gas stream alte! removal of hvdrogen fluoride showed in volume percentage: 
H., 67; COs, 16; OF 2, 2.3; CFy, 7.7; CF3H, 1.3; and CFH, and higher boiling 
products, 0.5 

The common gases were analyzed in the usual manner, OF. was dete 
mined atte hbsorption in a buffered KI solution by titrating the liberated 
iodine with thiosulfate solution, and CFy, CF;H, and CF2H. were separated 


by distillation. A difficulty arose in the separation of CFH,; as this appar 
ently formed an azeotropie mixture of approximately equal molal amounts 
with CF;H boiling at about 78° at atmospheric pressure. A photo 


chemical chlorination made CFC, from CFH;, whereas CF;H was un 
touched 

In order to study the relative amounts of CF3;H and CFky, both concen 
tration of acetic acid in the solution and pressure were varied The 
percentage of CF3H in the total of the two gases rose as the mol ratio of 
hydrogen fluoride to acetic acid decreased from 150 to 100 but then de 
creased as this was lowered to 15 at atmospheric pressure \t three 
itmospheres, pressure concentration had little effect but the percentage of 
Ch.H decreased to about one third of its value at atmospheric pressure 
(ther factors such as the ‘‘age”’ of the electrodes influenced the results and 

is not feasible to study these in detail. 

Propionic acid \ similar large scale operation was performed with 

propionic acid in cells of Type + \ total of 10 ke. of purified ethforane 
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is prepared in this manne The current density was 0.04 amperes pet 

em. tor 200 amperes and the voltage was 5.5 to 7.0 The gas strean 
nalyzed in volume percentage: H., 80; COs, 11; OF», 2.6; CF,, 0.9; CoF, 
1: C.F;H, 0.9; and C.F,Hb, 0.1 \ preliminary examination of the cell 
ntents at the conclusion of the experiment indicated the presence ot 


orine Containing propionic acids 


Butyrie acid. —A cell of Type B was used at a temperature of —3°. It 
ed from 100 to 200 amperes Phe voltage was 5.3 at 100 amperes with 
rent density of 0.0047 impere per sq. ¢m Che total initial charge is 
90.5 mols of butvri ieid and 1375 mols of hvd) ven fluoride Hydrogen 
oride was added periodically to maintain an operating level in the 
ell \ total ol 1278 lil idavs ix passed ind there vere obtained 2 
s H 4.0 mols CO 10.7 mols OF and 5835 grams of fluorocarbor 

Mili {oT This 21 pe cent boiled belo 2 ie) ind consisted of 4 | 


( | elg i> I () ! ~ j ve] ()..) De 
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the gases in the holder with liquid air. Distillation of a portion of this in | 
material showed the pattern indicated in Table II. fro 
It is evident that the greatest proportion of this material occurs in the tal 
range of the buttorane. dol 
Sebacic acid.—A charge of 800 grams of hydrogen fluoride was placed in 
cell of Type A. It was dried by passing a current through the cell and then ( 
160 grams of sebacie acid added. Bubblers of alkaline KI (to remove OF, Ot 
and CQ.) and sulfuric acid and then a solid carbon dioxide trap to catch On 
high boiling products followed the sodium fluoride tubes in the gas purify- piv 
ing train. The gas stream was periodically analyzed for CO. and OF». etl 
flu 
TABLE II ael 
Weight Mol 
24 2 27 


ma 
C, 
: . Th 
y.. pel 
pel 
At 0° the current varied between 3 and 4.5 amperes at voltages between mt 
5.2 and 6. During the experiment 820 grams of hydrogen fluoride and 73 pre 
grams of sebacic acid were added. \ total of 26 faradays were passed. 

The products were recovered from three places. The gas holder con- ‘ 
tained 260 liters which were chiefly hydrogen. A liquid air condensate of oui 
this gave 25 grams of fluorocarbons of which half were methforane and the tu 
remainder had a molecular weight varying from 100 to 200. Dry air was we 
passed through the cell as it was warmed from 0° to 96° and the gases passed a 
through sodium fluoride and condensed in solid carbon dioxide. Thirty- 101 
five grams of fluorocarbons were recovered from this source. A cell residue 
of 130 grams after the removal of hydrogen fluoride showed 16.3. per cent ph 


fluorine by weight. A total of 64 grams of liquid fluorocarbons were found bor 
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in the solid carbon dioxide traps and, combining the higher boiling material 
from the gas holder, a total of 99.5 grams liquid fluorocarbons were ob- 
tained The distillation pattern ol this is of interest in showing a pre- 
dominance of five, eight, and nine carbon fluorocarbons . 

\ total of 8.6 grams of OF. and 29 grams of CQO. were also produced 
Other acids—-pwalic, benzoic, fencholic, phenylacetic, and cy lohe. jlacetie 
Other carboxvlic acids were emploved, the following being examples 
One hundred and eighty-two grams of fluorocarbons were obtained from 


DI\ tlic acid, over one third of which were butforane with methforane, 


ethiorane, and penttfora vAve 


In signincant amounts Benzoie acid 
fluorocarbons chiefly in the range of 


six and seven carbon atoms be 





d gave a higher boiling product rhe largest fraction, b.p., L14°-117 
rABLE I\ 
FABLE \ 
mol , 457; C, 23.2 per cent; I 19.9 pel cen heo mol 150 
C, 24%; F, 76% for Cal Phenyvlacetic acid also produced fluorocarbons 
Che one major fraction had mol. wt., 348; b.p., 74°-77° and analyzed 75 
per cent F and 23 per cent C; another, b.p., 95°-97°; mol. wt., 407; 75.1 
per cent F; 23.4 per cent ( They apparently are cyclic fluorocarbons of 
m™ en na ¢ oht carbon atoms ( velohe xvilaceti cl ad vave about the same 
produ ~ 
ype A cells were emploved for all following experiments 
Vethanol.—The cell was charged with 750 grams of | 
nd 35 grams of metheno \ total of 9 faradavs gave Lt 
ture of CF; and CF 3H in ratio of 3 to 2 as determine 
eights and fractionation 
Ethano The fluorocarbon products found were as shown in Table IV 


for the passage of 21.2 tf 


1 + ‘ « ] re | ] 
imadayvs and the use of 2 mols of ethanol 


Pheno The passage Ol 11.8 faradays through a solution of 200 grams 


| 
phenol in 980 grams hydrogen fluoride produced 32.7 grams of fluorocar- 


bons. No low boiling materials were found The product appeared to be 
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fluorocarbons containing five and six Carbon atoms is the distillation pat- 
tern showed Table \ 

Ethers—Ethers are very satisfactorily emploved in this process. Di- 
ethvl, ethyl-n propvl, and di-n butyl ethers all 


boiling over a long range. 


vTAve fluorocarbon produc ts 
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V. From Hyprocarnons 


ABSTRAC' 


Previous work has shown that fluorocarbons can be produced by a direct 


electrochemical method from solutions of various organic Compounds in 


qu a hvdrogen f] rorice Hydro irbons ire not very soluble in hvdrogen 
fluoride and the solutions are not electrically conducting. It has been 
found. however, that fluoroearbons can be produced from hydrocarbons by 
th process provided that nother substance is added to make the solution 
onducting \ wide variety of substances can be used for this purpose and 
hev have been tried in combination with a numbe ot hyd in irbons Ix 


periments using n-octane and various nddends ire reported, both organic 


} 


ma Iorgani The cehiet product Irom octane Vas octtiorane 


INTRODUCTION 


Pre 1Ous parts Ol this papel ha e sho a hat fluorocarbons could rye 
prod d by a direct electrochemical method from solution of a variety ol 
reganie Compounds nm hvdroge Nn fluoride Phe solul il tv ol hydrocarbons 
n hvdrogen fluoride is low and the solutions are not ele trieally conducting 
It has been found, however, that despite these facts fluorocarbons could 
( produced from hydrocarbons by this process pro ided that anothe sub 
stance Was ulded to give conductivity to the electrolytic solution It vas 
found that a wide wiety of substances could be used for this purpose and 

number of hydrocarbons were used. We report here experiments using 
n-octane Other hvdrocarbons, such as toluene, dodecane tetradecane 
and iso-octane ere used The selection of octane for more extensive 
study was made because of its boiling point \t 0° and atmospheric pres 
sure its vapor pressure is sufficiently low so that losses by vaporization are 
not Excessive Also, the products formed are sufficiently volatile under the 


l 


same conditions so that the major portion ol them escape with the hydrogen 
from the cell and can be conveniently caught in old traps 
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EXPERIMENTAI 





iments and the tech previously reports lowed 
lelane wil ! he original cell charge is LOU grams n-octame 
grams HF, and 10 grams H.O Water and hydrogen fluoride wer 
ed periodicall = the « hydrogen fluoride to 
n the lig ( conductivity he 
these add ! wen fluoride and 60 
i wa rv the pass e hundred and sixty 
of gas not condensed From this 94 grams 
Cy, methfora nd 27 ‘re condensed i 
| One hund t ul ere colle ad in 
carbon dioxide ups dl ims by passing 
i! hrough tI el] 
rABLE | 
S| 
>t 
ion 2 
The original fractions contained two lavers when chilled. The upper 
vas hvdrocarbon Dut it is relatively sm: I mount ibout 5Y, 
s removed by chilling at 80° and removing with a capillary pipette 
onstant boiling mixture of octane and octforane boiling at 95°-96° was 
evidence After separation of the hydrocarbon and redistillation, the 
terial of the original tractionation boiling ibove YW Vas found to Hol 
02°-103° and to be Cy octforane, in an amount of about 70 grams 
\ cell residue = found (50 grams) whic s soluble in base and had 
ne content of 13.4 per cet bel | ! d with an ¢ lent 
g of 322 
In orde to find oO 1 how much , itel the process uild tolerate the e] 
s charged ith 600 grams H1I 15 grams H.O nd one mol of oetan 
lvses for COs and OF. in the gas stream were taken periodically Che 
vias operated intil fluorocarbon appeared in the old trap During 
s period OF as 0.04 &. |. or less. and COs was 0.06 to 0.08 g./l. of gas 
en faradavs were passed and a further 10 grams of water were vided to 
ntain conduct \ It brought the water concentration of the solu 
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tion to 4.5 per cent. An addition of 50 grams of water raised its concen- 
tration to 13.5 per cent. The OF: concentration then decreased to zero and 


the CO. concentration increased to 0.1 g.,1. This CO. concentration repre- 
sents 30 per cent of the theoretical for complete oxidation of the hydrocar- 
bon. Water was progressively added until its concentration was 40 per 
cent. The COs. concentration rose to 0.21 ¢./1. or 65 per cent of theoretical 
for complete oxidation of the hydrocarbon. Little fluorocarbon was pro- 
duced at the higher water concentrations. 

Octane and methanol ‘To 800 grams of HF in the cell, which had been 
dried by the passage of current, 15 grams of methanol and 25 grams of 
octane were added During the experiment an additional 23 grams ot 
methanol, 400 grams of HE, and 15 grams of octane were added. OF 
vas small at the start but soon dropped to zero. COs varied considerably, 
rising to high values Just alter the addition of methanol. In one case it was 
21 per cent Other high values of 18 and 10 per cent were found. Of the 
gaseous products condensed in liquid air, 22 grams of COs were found and 14 


grams of gaseous fluorocarbons of which 65 per cent was CFs. The con- 
densate in the solid carbon dioxide trap was 45 grams of fluorocarbon and 8 
grams of octane Seven grams ot fluorocarbons were recovered from the 


cell. Of the liquid fluorocarbons, 35 grams were octforane, b.p., 102° to 
104°, mol. wt., 448. No polymerized material was found in the cell. 
Twenty-one faradays were passed in this experiment. 

Octane and acetic acid.—A charge of SOO grams of electrolytically-dried 
HI, 15 grams of acetic acid, and 25 grams of octane was used. Forty grams 
of acetic acid and 16 grams of octane were added as the experiment pro- 
ceeded; 14.4 faradays were passed. COs showed an average concentration 
in the gas stream of 10 per cent and OF» of 0.030 ¢./1. The products con- 
densed in liquid alr amounted to 80 grams ol which 32 were probably COd. 
This material was inadvertently lost before further identification could be 
made. A total of 22.5 grams of fluorocarbons boiling above room tem- 
perature were obtained, 65 per cent of which were in the CsFs, octforane, 
boiling range 

Octane and pyridine. The initial charge consisted of 900 grams HF, 
which were electrolytically dried, 28 grams octane, and 10 grams pyridine. 
Twenty grams pyridine were added during the passage of 13.9 faradays. 
From the collected gas a liquid air condensate of 20 grams was obtained 
which was chiefly NF; with some CF;. As both NF; and CF, have appre- 
ciable vapor pressures at liquid air temperature, a liquid air condensate 
does not represent the total production of these materials. 

\ total of Sl grams of fluoroecarbons boiling above 70° was obtained. 
Of this 25 grams boiled at 29°-31°, pentforane and 28 grams boiled at 101 
to 103°, octforane. 

2-I luoropy ridine was employed to impart conductin ity in place of ps rl 
dine with the hope that as it is a more unreactive compound it would resist 
the action of the process and cause a greater ratio of octane to be used. 
Within the limits of the experiments, however, its action was very similar. 
From the passage of 8.4 faradays, 12 grams of liquid air condensate and 73 
erams boiling above 70° were obtained. Of this 28.5 grams boiled 28 
30° and had a molecular weight of 288 (C;Fy).) while 30 grams boiled 102 
104° and had a molecular weight of 438 (CsF\s). 

Octane and sodium fluoride and other mnordganic substances. 


The charge 
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consisted of 670 grams of HF, 28 grams of NaF, and 28 grams of octane. 
After a passage of 10.4 faradays, there were obtained only 3 grams of liquid 
air condensate. Of the 35 grams of material boiling above —70°C, 27 
grams boiled 100°-103° and had a molecular weight of 440 (C3F\s). There 
was, however, considerable residue found in the cell after the completion 
of the experiment, a large portion of which was iron and nickel salts; 
the cell showed signs of corrosion. Although NaF functions and produces 
a high percentage of one product, it seems less desirable than other sub- 
stances due to this corrosive effect. 

Other substances were emploved to vive conductivity to the solution, 
for example, NH; and Hg(CN)., all with the result of the production of 
octtorane but W ith minot differences in details.« 

In all cases, however, it is abundantly evident that the process does not 
consist of the production of fluorine which then rises through a layer of 
octane residing on the top of the hydrogen fluoride solution, as one might 
naively assuine. The production of such large percentages of octforane 
would alone prove that this was not the case Fluorine is not detected in 
the gas stream which is always the case when it is formed at the anode. 
When the potential of the cell is raised it reaches a value at which fluorine 
is produced, but minor explosions occur in the cell, fluorine is detected in 
the outlet, and the products are the usual ones of the action of fluorine with 
liquid hydrocarbons, that is, complete fragmentation. The process is 
operated under conditions where this does not occur 
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ABSTRACT exp 

Chemical determinations of the chlorine present mn phosphors SUPPOrt a tha 
previously enunciated theory of blue centers tru 
a In ¢ 

In order to prove the theory that chlorme plays an essential role in the cen 


formation and construction of blue centers (1), the authors carried out 
actual chemical determinations of the chlorine content of the phosphors. 
Zine sulfide heated in an atmosphere containing HC! is always contami- 
nated by some superficial ZnCl. that adheres to the crystals. However, ' 
only that chlorine is of interest which is incorporated in the interior of the 
ervstals. For this reason, all powders have to be washed very carefully 
before the actual determination is started, in order to free them of these 
mechanical chloride contaminations. To this end, portions of about 10 


grams of the sulfides were stirred into about 100 ml. of chlorine-free water a 
and heated on a water bath for several hours. After cooling, the sulfide H2S 
was filtered and dried at 80°C. This treatment was repeated about fifty ws 
times. Even after the last wash, the water was not entirely free from chlo- 
rine. This must be attributed to the fact that ZnS is slightly soluble in Ha 
water. The chlorine found, therefore, must have been incorporated chlo- H 
rine which dissolved along with the sulfide. Hs 
For the determination of chlorine, about one-half gram of the washed 
products was brought into solution by heating with 0.4 ml. of 4N HNOs. | 
The sulfur formed by oxidation of HS agglomerated at the surface, leav- 
ing a clear solution. After filtration, 4 to 5 drops of a 1 per cent AgNO, ms 
solution were added, the solution heated to boiling, and then let cool for = 
ibout one-half hour. The precipitate ot Lot ‘| was then compared nephelo- rp 
metrically with standards of known chlorine content, prepared in the same 
manner, but using chlorine-free zinc nitrate instead of ZnS. The results vt 
are accurate to about +50 per cent. ; 
Table I shows the chlorine content found for different samples of ZnS ™ 
vA vated in HS, H.S + HCl, He, and H. + HCl, together with the intensi- 
ies of the blue fluorescence taken from our previous paper (1 The ZnS 
used was a material made by Orr (England) which was first dechlorinated 
by heating for two hours in a stream of hydrogen at 1050° ( hal 
It is seen that even our dechlorinated ZnS was not entirely free from Cal 


chlorine, but still contained 2.10-° gram atoms C¥/mole ZnS. The amount 
of chlorme present in the products heated in atmospheres contaiming FH ‘} 


tends to increase with the partial pressure of the HCl. The intensity of 
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orescence Increases likewise. There are some discrepancies, but In VieV 


of the difficulties involved in the determinations these 


are not disturbing. 
The chlorine content agrees reasonably 


well with the values of the con- 
tration of blue centers estimated from current saturation data by Bril 
é ind vith those 


arrived at by the authors from a comparison of the in 
ensitv of fluorescence with that of ZnS: Lot ‘| The absence of fluorescence 

the products which were heated in H.S or He, vet contained chlorine, 
may be explained in two ways. In the first place, the fluorescence must be 
xpected to be weak if the concentration of fluorescence centers is smallet 
han the concentration of quenching centers. In particular, this will be 
true if the quenchers not only absorb part of the exciting radiation but if, 
n addition, they are excited by energy transferred from the fluorescence 
enters, as is the case in zine sulfide (3 





, Estimated concentration of centers 
\ phere € - . 
s f Ci ‘ 
12% 
Bril (2 Authors 
grams atom 
( mole Zn 
Hs ( 2 x 10 
HS + 10% HCl 6 { x If 
HeS + 20 HC 20.5 7.5 0 10 
1,8 ( HCl 39 } r g 1075 
I i 4 J i to 10 
{ 2 x 
HCl 8 } 10 
1 0°), He 4 7.5 « 10 


In the second place, the chlorine found may well have been incorporated 
n the imnermost parts ol the crystals. The centers formed by It escape 
excitation because the ultraviolet radiation is absorbed mostly near the 
surface. This situation is quite plausible, for the products were made from 

sulfide containing chlorine by heating it in hydrogen, a treatment which 

vill dechlorinate especially the surface regions of the particles. On the 
vhole we believe that the present results lend strong support to our model 
t the blue centers. 
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ON THE FLUORESCENCE OF ATOMIC SILVER IN 
GLASSES AND CRYSTALS! 
W. A. WEYL 
De pa iment of Vineral Technoloaqy. The Pennsylvania State Colle ge, 
State College. Pennsylvania 
AND 
J. H. SCHULMAN, R. J. GINTHER, ano L. W. EVANS? 
Vaval Research Laboratory, Washinaton. dD. . 
ABSTRACT 
Metal atoms represent a group of fluorescence centers which have the 
advantage of known structure. Due to then neutrality, they are not af- 
fected very strongly by their environment. The following methods have 
been developed for producing atomic silver in glasses and crystals. 
1. Thermal dissociation of silver oxide. 
Reduction of silver ions by means of hydroget 
Reduction of silver ions by electron bombardment. 
Reduction of silver ions through exposure to X-rays. 
experiments are described which deal with the formation of fluorescence 
centers of Ag* ions present in alkali halides and glasses. The fluorescence 
properties of these simple systems will be described. 


) 
f 


INTRODUCTION 


Precise information concerning the fluorescence phenomenon is limited 
to those systems where the fluorescence centers are sufficiently separated 
from other molecules and ions so that their electronic transitions are not 
perturbed by electric fields. Atoms of rare gases and of metals, such as 
sodium and mercury, represent the simplest types of fluorescent centers. 
In the gaseous state under sufficiently low pressure, these atoms are ener- 
getically isolated and, as a result, they exhibit resonance fluorescence, emit- 
ting a spectrum ol discrete lines. These lines represent the permitted 
transitions between the ground state and various higher energy levels of 
electronic excitation. In condensed systems, however, the electronic 
transitions are strongly influenced by adjacent molecules, so that the inter- 
pretations of light absorption and emission become very difficult. 

\letal atoms as activators of fluorescence in condensed systems received 
‘considerable attention when A. Schleede (1937 explained the blue fluor- 
escence ol certain preparations of ZnO and ZnS on the basis of zine atoms 
in excess over the stoichiometric ratio. Pure zinc oxide obtained by ther- 
mal decomposition of the carbonate did not fluoresce at room temperature. 
Heating under reducing conditions, or treatment with vapors of metallic 
zinc, Was found to produce blue fluorescence. At the same time W. A. 
Wevl discovered that fluorescent glasses could be obtained with atomic 
silver as activator. This work has been continued and extended to a num- 
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Present address: Svlvania Electrie Products, Inc., Emporium, Pennsylvania. 


70 


he 
I- 
ve 


Vol. 95, No. 2 FLUORESCENCE OF ATOMIC SILVER 71 


ber of alkali halides with atomic silver as fluorescence centers. It is the 
object of this paper to describe a number of phosphors, both crystalline 
and glassy, which are activated in this Way, as well as several different 
methods for producing the activation. Studies of these phosphors may 
help to shed more light on the interaction between activators and host 
lattice. Furthermore, they are of interest with respect to photographic 
processes, since their formation, by one of the procedures to be described, 
nvolves a process which resembles that of formation of the photographie 
latent Image. 

Something should be said at this point about the terms “‘silver atom’”’ 
ind “atomic silver’ vhich are used in this paper. Excess zine In the pre- 
viously mentioned ZnO and ZnS phosphors, while commonly spoken of as 
nterstitial zine atoms, may perhaps be better described as interstitial 
Zine 10ns with electrons trapped in the field of these ions. There is evi- 
dence that the “orbits” of these trapped electrons may extend over sev- 
eral interatomic distances, in contrast to the much smaller orbits ot the 
electrons in a free zinc atom. Furthermore, the absorption spectrum of 
these trapped electrons and the energy required to remove them into the 
conduction band of the crystal are considerably different from the absorp- 
tion spectrum and the ionization potential of the isolated atom. As another 
example, the excess alkali metal ‘‘atoms” (I-centers) in alkali-halide 
crvstals colored by exposure to alkali metal Vapor are more correctly de- 
scribed as a system of alkali metal ions surrounding a halogen-ion vacancy 
vhich has trapped an electron. The trapped electron is shared among the 
kali metal 1 
given time, one or the other of these alkali ions plus the trapped electron 
mav be looked upon as an alkali metal atom. In some of the ‘atomic 
silver” activated alkali halide phosphors we shall deseribe, the situation 


ions adjacent to the vacant halogen-ion position and, at any 


mav be analogous to this, the “silver atoms”’ being electrons trapped at a 
acant halogen-ion site vhich has one or more silver-ion neighbors. In 
this case the ele etron might be more closely associated with the silve r than 
vith the alkali ions surrounding the vacancy. On,the other hand, in silver- 
bearing silicate glasses formed by quenching from high temperatures, con- 
sideration of the silver as a ‘“‘frozen-in vapor” of silver atoms may be quite 
correct. The terms ‘“‘atomie silver” and ‘silver atom” are, therefore, used 
in this paper merely as a convenient designation, in the same Wav that it 
has become customary to speak of interstitial zine ‘“‘atoms”’ in zine oxide 
ind sulphide phosphors, and of excess sodium ‘‘atoms’”’ in colored NaCl 


METHODS OF PRODUCING ATOMIC SILVER IN GLASSES AND CRYSTALS 
Thermal dissociation 


Silver oxide introduced into a soda-lime-silicate glass can participate in 
the glass structure. Silver ions, as well as the similar sodium ions, assume 
interstitial positions Glasses containing silver ions are colorless and do 
not fluoresce when irradiated with the 3650 A mercury line. 

However, if the concentration of silver oxide exceeds approximately 0.2 
to 0.5 per cent, a part of the silver oxide dissociates to form metallic silver. 
The solubility of silver metal in such a glass is very low and, as a result, the 
silver is precipitated in the form of droplets and microscopic crystals when 
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the @lass melt is cooled Depending upon the size ot the crystals, the colon 
i such : olass will vary from vellow to brown ind era Needless to sav. 
This crs stalling silver does not Huoresce 


Bet veen these two extremes, true \g mons ana condensed metalhe \g, 


Lnere Is a stage vhere a noticeable amount of silver atoms is formed, put 
here the concentration has not vet exceeded the s ubility limit of silver 
n glass \s the solubility of metals in glasses increases with increasing 
temperature, the best results are obtained by melting the glass at relatively 
high temperatures L450 ¢ ind chilling the molten olass by pouring it 
nto water Under these conditions a melt containing about 0.2-0.5 per 
ent Ag. produce ~n strongly fluorescent glass ‘The fluorescence centers 
re silver atoms which did not have time to diffuse and to aggregate into 
crvstals The ‘frozen in”’ silver vapor emits vhite light when exposed to 
3650 A radiation 

From the deseription of this experiment, it is evident that the method of 


producing atomic silver by thermal dissociation is very difficult to control 

Che diffusion of neutral silver atoms, due to their lack of chemical bonds, is 
very last \n extremely high rate of cooling is required to prevent their 
aggregation. Even if only a small fraction of the silver precipitates, the 
glass assumes a vellow -brown color which impairs the fluorescence. Fu 

thermore, the dissociation equilibrium of the silver oxide depends strongly 
on the composition of the glass. Whereas soda-lime-silicate glasses cannot 
keep in solution much more than 0.2 per cent AgeO, certain phosphate 
glasses dissolve more than 10 per cent AgoO without noticeable dissociation 
In order to study, under more controlled conditions, this interesting 
phosphor—-silver atoms distributed in a glassy matrix—new methods were 


cl veloped 
Reduction of the silver tons by means of hydrogen 


It has been found that soda-lime-silicate glasses containing about 0.2 
per cent AgoO can be reduced by hydrogen gas at a temperature of about 
1OOrC While the diffusion of hydrogen into the glass is slow at this 
temperature, it is faster than the speed of aggregation of the atomic silvet 
formed. In order to enhance diffusion of the hydrogen into the glass, the 
latter is employed preferably in the form of a powder. If the powder is 
sufficiently fine, reduction at LOO°C. can be completed within a few hours 
Under the same conditions, glass rods 1 mm. in diameter require about two 
weeks. Under 100°C. the diffusion rate of the silver atoms is still negligible. 
the glass therefore remains colorless, but due to the formation of silver 
atoms it becomes fluorescent under near ultraviolet U.V.) excitation 
This me thod Is not applicable to all glass compositions Phosphate glasses, 
tol example, require a reduction temperature too high for keeping the silver 

toms isolated 


= 
Reduction ol eilper ions DY electron bombardment 


The exposure of a glass or alkali halide crystal containing silver ions to 
electron bombardment produces atomic silver according to: 


\g + © \g 


This implies that any silver ion in the structure can be reduced to give a 


luminescent center of atomic silver. 








As mentioned in the “Introduction,” 
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lternative descrip he phenomenon in alkali-silver halide crystals 
Te 
\v nelwnvoo l¢ i ( | Vacancy energy Tron OMoDAraing 
le ! cA \o ele ol pped u 
( vacancy next to Ag™ jon 
neutl ul ¢ | may then move to the surtace of the crystal Dy hole migra 
nm nd escape as 1re¢ chlor Iie ‘| his Scheme impli s that only pec th 
uted silver ions are reduced to give luminescent atomic silver centers 
The cathode-ravy bombardment method has the advantage that it is 
plicable at room temperature here the weregation of silver atoms Is 
eligible Exposure of a sample to electron bombardment does not have 
cl aepth action nowevel Alkalt halide ery tals. both ith ma ithout 
lver, are discolored by exposure to cathode rays l’-cente lormation 
he F-center coloration can be bleached out by irradiation with visibl 
ght, without destroving the fluorescence response to near ultraviolet es 
tion created by the cathode-ray bombardment 
Pe fiction of ( 0} hro TH ( DOSUTE 0 ai and othe amdiarhion 


lhe exposure of glasses and crystals containing silver ions to x-rays was 
mind to be a suitable method for producing atomic silve1 In principle, 
his method is identical with that described above, exce pl that the enc rey 
vuurce is different, and the effect is not limited to the surface laver Ab 
sorption bands in the visible, due to F-centers, are likewise found here in 
the alkali halides, with or without silver. 


[It was also found that radiations of lower frequency than x-ravs are 


pable ot ce velop ng response to lone wave ultraviolet in some of the \g 
ctivated materials \ sample of NaCl containing 5 mol per cent ot \oC'|. 
iol example, does not respond to 3650 A excitation. \fter exposure to the 


radiation from an unfiltered low pressure mercury discharge lamp with 
artz envelope (1850 and 2537 A radiation) for one hour at room temper- 
ire, a quite marked response to 3650 A excitation is observed, the lumines 


ence being similar in color to that found after x-rav treatment 


EXPERIMENTAL PROCEDURI 


Che alkali-silver h ilides ere prepared Dy melting the mixture of the 
0 salts in silica or platinum crucibles and stirring with a platinum rod 


Che melt was quen¢ 


ite! Chis procedure is adopted to avoid possible exsolution Ol the 


xed crystals, especially in the regions of high silver concentrations 


hed by pouring it into a silver dish which was cooled by 


>. The glasses vere melted from the mixture ot the constituents in 


unite crucibles in a globar furnace. By introducing a part of the alkali 
the form of the nitrate, oxidizing conditions were maintained The 
licate glasses were of the soda lime type They contain 0.2 per cent AgeO 


ntroduced in the form of the nitrate 

Che group of phosphate glasses studied had the following composition: 
\ metaphosphate, a0 per cent; Ba metaphosphate, 25 per cent; and K 
1etuaphosphate, 25 per cent 

fo this mixture silver phosphate was added up to 16 per cent All 
isses remained clear (1, 2, 4, 8, 12, and 16°, Ag,PO; 
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3. Fluorescence of all specimens was observed under two different types 
of ultraviolet lamps. 

a. A low pressure mercury vapor lamp (Mineralight), combined with a 
Corning 9863 filter. The radiation of this lamp is predominantly in the 
region of the 2537 A line and will be characterized by this wave length. 

b. A high pressure mercury lamp with Corning 9863 filter, giving peak 
intensity in the region of the 3650 A mercury line. For the same region a 

360 B.L.” fluorescent lamp with a purple envelope (Sylvania Electric 
Products) was used. Observations under both these lamps are charac- 
terized by the dominant wave length 3650 A. 

1. x rav treatment ol the sumples was effected by exposing them to the 
radiation of a Cu-target Be-window G.E. x-ray tube, operated at 40 kvp. 


and 15 ma., for five minutes at a window-to sample distance of two inches. 





a 








5. Electron bombardment ot the samples was effected by exposing them 
to a cathode ray beam in a special demountable cathode ray tube. The 
voltages used were about 1 kv. or higher. Current measurements could 
not be made at the time. 


EXPERIMENTAL RESULTS 
Silver activated silicate glass S 


\s stated before, no more than approximately 0.2 to 0.5 per cent AgeO 
elass without producing color 
through precipitation of metallic silver (thermal dissociation of the oxide). 
These glasses do not fluoresce under 2537 A or 3650 A radiation. The best 
results were obtained with this group of glasses, when the fine powder was 
reduced by means of hydrogen gas at a temperature of about 100°C. A 
vhite fluorescence resulted when the reduced glass was exposed to 3650 A 


can he Incorpol ited into a soda-lime-silicate 


radiation. The fluorescence efficiency decreases with increasing temper- 
ature (of observation) and disappears at 350°C. Short periods of heating 








to 
sil 
pl 
hy 
fli 

TO 
ol 





Vol. 95, No. 2 FLUORESCENCE OF ATOMIC SILVER 73 
will not permanently destroy the fluorescence. However, a treatment of 


the glass at 300°C. for 15 hours kills the fluorescence permanently. Under 


these conditions, the silver atoms find sufficient time for aggregation. 


The emission spectrum of a soda-lime-silicate glass containing 0.2 pet 
cent AgeO, after reduction by hydrogen gas, is given in Fig. 1. It is a 


broad continuous emission band extending throughout the visible. 


Phosphate glas SES 


The complex Al-Ba-Ix metaphosphate glass offers the advantage that up 
to 16 per cent silver phosphate can be introduced without precipitation Of 
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silvel Che strong forces which hold the Ag ms in the str ( 
phosphates make it impossible to apply the chemical reduction by means of 
hvdrogen gas in a temperature region which excludes usion and aggre 
g on ot the silver atoms These glasses, however, are svitable for red 
tion by means of x-ravs and by cathode rays 
Phosphate glasses containing silver ions show a weak blue fluorescence 
n exposed to 2537 A radiation. Under the 3650 A lamps, thev do no 
loresce 
lig. 2 shows the emission spectra under 3650 A excitation ( 
x-rays, of a number of phosphate glasses containing variou s 
of silver phosphate Che fluores nce is orange to vellov 
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ncreasing Ag concentration causes the growth of a new fluorescence 
emission band at shorter wave lengths. ‘This is rather unusual, since in 
most phosphors increase in activator content shifts the emission to longe r 
vave lengths or causes the build up of a new band at longer wave lengths. 

The glasses after x-ray treatment show the same weak response to 
2537 A radiation. 


d Alkali halide Ss 


Luorescence Of silver tons.—Alkali halides and silver halides can form 
mixed crystals, at least to a limited extent. In the NaCl-AgCl mixed 





- 3 Mole % AgCl in NaCl Un- X- Rayed 2537 Excitation a} 


4) | ; X-Rayed 3650 Excitation 
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vstal an occasional Na®* of the NaCl structure is replaced by an Ag® ion 
vhich has about the same size and has identical charge These Ag* ions 
distributed in NaCl crystals can be excited to fluoresce by irradiation with 
the 2537 A line, while they do not fluoresce under long wave ultraviolet 
3650 A), if the Ag* concentration is low The fluorescence emission of 
silver ion activated sodium halides covers a region from the near ultraviolet 
mto the visible, vith il subjective fluoresce nce color of blue. The peak Ol 
the emission depends on the anion (chloride, bromide, and iodide) as well Hi 
is on the concentration of the silver ions rar 
Potassium halides activated by silver ions were found to be non-fluores 
cent at room temperature, both under 2537 A and 3650 A irradiation. cel 
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However, phosphors have been obtained which fluoresce under 2037 A 


adiation at lower temperatures 
| ig. 3 curves g 2. and 3 shows thi spectral distrib ition ol the fluores- 


ence ol some untreated NaC lAg¢ | phosphors inder 2537 A excitation. 
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Fluorescence of silver atoms. Exposure of the NaCl-AgCl mixed 
crystals to x-rays or to an electron beam produces a new phosphor activated 
with atomie silver. This “atomie silver” responds to long ultraviolet and 
produces yellow to pink fluorescence under 3650 A radiation. 

As a result of this treatment of the NaCl-AgCl mixed erystal, the bluish 
fluorescence under 2537 A is decreased somewhat in intensity, and the 
material fluoresces orange under 3650 A radiation. 

Fig. 3 (curves 4, 5, and 6) gives the intensity distribution of the 3650 A 
excited fluorescence of various NaCl-AgCl preparations after x-ray treat- 
ment. 

Fig. 4 gives the emission spectrum of a KCI-AgC!] phosphor under 3650 A 
excitation, after exposure of the phosphor to x-rays. As in the phosphate 
glasses there are two peaks observable in the emission spectrum. 

Fig. 5 (curve 1) shows the emission of an untreated NaBr-AgBr phosphor 





under 2537 A excitation, while curve 2 in the same figure shows the 3650 A 
excited luminescence of the phosphor after it has been x-rayed. 


APPLICATION OF THE X-RAY EFFECT TO RADIOGRAPHY AND X-RAY DETECTION 


The fluorescence of NaCl-AgCl or of silver-bearing phosphate glasses 
after exposure to x-rays can be made use of in radiography \ screen ol 
the phosphor may substitute for the photographic plate. After exposure to 
x-rays, the image is made visible by irradiating the screen with near ultra- 
violet radiation. No development is necessary and the sereen need not be 
protected from light at any stage of the process. The speed of such an 
urrangement has not been developed as yet to the point where it can com- 
pete with the photographic film. Fig. 6 shows an x-ray shadowgraph made 
with a erude NaCl-AgCl sereen, using Cul radiation at 40 kv. and 15 ma. 
from a G. E. beryllium window tube, the window-to-screen distance being 
one foot and the exposure time being ten minutes. The figure shows the 
image observed under 3650 A excitation, after the x-ray exposure was made. 
The same effect may obviously be made the basis of x-ray detection and 
dosimetry. 
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CONCLUSION 


rhere are at present insufficient data at hand to characterize the atomic 
silver activated glasses and crystals completely. Their formation by 
thermal dissociation, chemical reduction, and by irradiation processes 
vhich are known to have a reducing effect on silver compounds, leaves no 
doubt, however, that the luminescent centers involve silver atoms in the 
reduced state. 
rhe simplest concept that may serve to describe these centers is that 
they are esse ntially a ‘‘frozen-in” Vapor of silver atoms, whose energy levels 
ive perturbed by the field of the neighboring ions in the crystal or glass host. 
Che absence of any appreciable afterglow or phosphorescence (visual obser- 
ation only is consistent with the hypothesis that the absorption ol near 
ultraviolet serves to raise these atoms to an excited state, without ionizing 
them, the return to the ground state being : ccomplished with the emission 
of fluorescent radiation. Whether these atoms, in the case of the alkali- 
silvet halides, ror example, are formed by reduction of silver ions at any 
lattice position where they replace alkali atoms subst itutionally , or Whether 
only those silver ions near halogen-ion vacancies are involved in this change, 
is not determined. It is hoped that the detailed study of these materials 
now in progress W ill make possible a more complete inte rpretation ol these 
phosphors. 
\ny discussion of this paper will appear in the discussion section of Volume 95 of 
TRANSACTIONS of the Society 











ELECTRODEPOSITION AND ELECTROWINNING 
OF GERMANIUM 


COLIN G. FINK ann VASANT M. DOKRAS 
dD / hen i. Columbia ( f Ve ) h Ve ) 


ABSTRACT 


\queous, non-aqueous, and fused electrolytes were studied. The ele 
trodeposition of germanium from aqueous baths is apparently limited to 
thin flashes of the metal because of the very low overvoltage of hydroget 
on germanium. Copper, silver, tin, cobalt, and nickel were each co 
deposited with germanium from aqueous solutions. The silver-whit 
inter-metallic compound, Cu;Ge, was deposited from an alkaline solution. 
\lso described is a method for electrodepositing germanium from a solution 
of germanium tetraiodide in ethylene glycol and trom a fused electroly te ol 
borax in which germanium dioxide was dissolved The chemical resistance 
of the CusGe plate is good and it may have considerable deeorative-and 


protective value 


INTRODUCTION 


Until recently, germanium metal was only a- chemical curiosity (10). 
The chemistry of the metal and its compounds was studied by Winkle (1 
and by Schwarz (2), and, more recently, by Jaffee, McMullen, and Gonser 

10), who reported extensively on sources of the metal, its recovery, and 
its properties and potential uses. In electrometallurgy, germanium first 
attracted attention because of its harmful effect in the electrowinning of 
zinc (3). During World War II, important applications were found for 
germanium in the field of eleetronies (4, 5). 

Several methods have been reported for recovering the metal: distillation 
of the finely ground germanium-containing ore with hydrochlorie acid to 
produce GeCl, contaminated with arsenic (12, 13, 14); reduction of ger- 
manium dioxide with hydrogen at 540°C. (16) to produce a powder whicl 
is melted under fused NaCl; reduction of the germanium dioxide with 
carbon or a mixture of carbon and potassium cyanide (18, 10); reaction 
between zine and germanium tetrachloride at 930°C. to vield germanium 
metal containing 0.2 per cent zine (19). 

One instance was found of preparation of the metal by electrolysis ot 
GeO. in fused KeGelks or in molten cryolite in a graphite crue’) te (10). 

(Germanium is quite tarnish resistant in air and has remarkabie chemical 
resistance (10). Because all of the common chemical reagents are resisted 
by the metal, a study of ways for electrodepositing it offered prospects ot 

inusual interest. 

Pin and lead are commercially electroplated from alkaline solutions (23 
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and for the commercial plating of lead the fluosilicate bath is widely used 
2A). It was expected that vermanium could be deposited out of similar 
solutions. 

Hall and Koenig (25) obtained thin, lustrous, and adherent deposits of 
the metal on copper cathodes from a solution of the dioxide in 3N KOH. 
lhe deposition stopped, however, after the preliminary film formation, and 
thereafter only hydrogen was evolved on the cathode. As yet, no one has 
reported the formation of thick deposits of the metal from any type of 
aqueous bath. 


I. ELECTRODEPOSITION FROM AQUEOUS SOLUTIONS 


ipparatus.—The experimental apparatus was the usual simple setup 
ising 50 ml. beakers as the electrolytic cells. All of the cathodes used in 
the experiment were of copper (2 cm. x 2 em.) polished with medium 
polishing compound, cleaned, and degreased by standard procedures. It 

as found inadvisable to use freshly electroplated cathodes, due to the 
possibility of introducing even a small trace of copper into the bath, which 
is liable to vitiate the observations as described in the section on the co- 
deposition of germanium with other metals. ‘The only anodes used were 
of a special hard carbon, spectrographically free from aluminum, boron 
copper, iron, tin, Magnesium, manganese, silicon, sodium, titanium, 
vanadium, and lead, and containing only a trace of calcium. The ger- 
manium was added to the alkaline solutions in the form of the chemically 
pure GeO, and this GeO» was also used in the preparation of other com 
pounds of germanium used during the whole of this investigation. 

Depos tion jrom alkaline solutions. From the alkaline bath ol Hall ra 
loenig (25), containing 2.6 g. 1. GeOe and 170 g./1. KOH, only thin, prelimi 
nary plates were obtained in the temperature range 30° to 90°C. and the 
(ieQs concentration range of 2 to 100 g./l. Bath modification through 
addition of potassium phosphate, potassium citrate, dextrose, or mannitol, 
or through use of LIOH, NaOH, or alkali carbonates instead of KOH, was 

thout Improvement 

\I. R. Thompson (28), after an exhaustive study of the cyanide plating 
baths of different metals, expected that it should be possible to deposit 
germanium from a mixed cyanide bath, but apparently germanium cyanide 
loes not exist in the pure state. On boiling a potassium cyanide solution 
vith GeOs, however, some of the dioxide went into solution. Possibly, 
I vdrolysis of potassium evanide forms the hydroxide which dissolves the 
dioxide Upon electrolyzing such a solution, no deposit of the metal was 
btained. The addition of some alkali was necessary before the deposition 
ould take place. 

Deposition from alkalis fide baths. Because a commer¢l lly SuUCCeSSIUL 
sulfide plating bath is used for the recovery of antimony (30), and get 
manium is similar to that metal in many Ways, the electrodeposition trom 
solutions of the germanium sulfide in alkalies, alkaline sulfides, and potas 
sium cyanide was studied. The disulfide, GeSs, one of the most stable 
ompounds of germanium, is prepared very easily 29) by saturating an 
ilkaline solution of the dioxide with HS and then precipitating the di 
sulfide by strongly acidifying the solution. It is soluble in alkali and alka 
line sulfide solutions 

Though the deposition could not be carried bevond a certain limit, it 
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takes place much more easily from a sulfide bath than from an oxide bath 
of germanium. A further advantage is that ordinary room temperatures 
can be used for obtaining a thin coat of the metal, though slightly higher 
temperatures (around 45°C.) are recommended. One of the formulas used 
was as follows: GeSo, 20 g./1.; KOH, 40 g./l.; NaS, 12 g./l.; temperature 
30°C.; and current density (cathode), 2.5 amp./dm.? 

Deposition from acid plating baths—Though it was to be expected that 
the germanium deposition from solutions containing higher hydrogen ion 
concentrations would be more difficult than from highly alkaline baths, the 
acid plating baths were investigated because of the possibility of introducing 
higher germanium ion concentrations into the solution, thereby counter 
acting the higher hydrogen ion concentrations and increasing the possi- 
bility of deposition of the metal ion on the cathode. 

Germanium dioxide dissolves in water, to a certain extent, giving il 
solution of germanic acid, H2GeO;. The solubility can be increased by 
addition of mannitol and other sugars. Upon electrolyzing such a simple 
solution, only very thin deposits of germanium were obtained. The effect 
of sulfuric acid additions was studied, beginning with extremely small 
quantities, until finally a suspension of GeO» in concentrated sulfuric acid 
was electrolyzed. In all cases, there appeared to be no improvement of the 
deposit. 

Klectrolysis of germanium dioxide in potassium hydroxide solution imme- 
diately after neutralizing with sulfuric, hydrochloric, oxalic, tartaric, citric, 
sulfamic, acetic, lactic, formic, or phosphoric acid produced only a thin 
germanium plate on the cathode. Additions of LiCl, NHyCl, or CaCl, to 
the chloride bath were without any beneficial effect. 

GeQsz is very soluble in a mixture of oxalic acid and ammonium oxalate 
which forms the basis of one of the methods of extraction (15) from the ore. 
A detailed investigation of deposition from this solution was made with no 
success. 

Very thin, bright, and shiny deposits of germanium were obtained from 
baths made by dissolving germanium dioxide in fluosiliciec acid. In the 
range of 2 to 100 g./1. of the dioxide, attempts to build up thick plates were 
unsuccessful. High temperature, 80°C., was required and traces of clove 
oil appeared to be beneficial. 

Soth germanium dioxide and germanium metal by anodic dissolution 
were found to be insoluble in fluoborie acid, in attempts to prepare plating 
baths. The dioxide dissolved readily in hydrofluoric acid to form fluoger- 
manic acid, but no deposition took place on the cathodes with or without 
addition compounds, such as: potassium, ammonium, hydrazine, aniline, 
and ethylenediamine fluogermanates. 


Deposition from neutral solutions containing amines.—The solubility of 
germanium dioxide in water is increased by triethanolamine, apparently 
forming the soluble [(C2H,OH);N],Ge'*. Although other metals such as 


copper, cobalt, nickel, and tungsten have been electrodeposited from amine 
solutions, e.g., by Brockman and coworkers (31), such baths were not 
successful for germanium in the present work. 

Effect of low temperatures and high current densities on deposition from 
aqueous solutions.—Most of these experiments on the deposition of the 
germanium metal from aqueous solutions were repeated using temperatures 
around 0°C. Lower temperatures were used if solutions did not start 
depositing out erystals. 
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The effect of raising the cathode current density Was also studied at these 
lower temperatures. The maximum current densities used for a short time 
were of the order of 100 amp./dm.2 The deposition did not improve with 
any of these variations, and it was impossible to obtain a deposit that grew 
continuously, though the temperature was varied from freezing to boiling. 
It is, however, a noteworthy fact that the total deposition of the metal per 
init surface of the cathode was greater from some solutions than from 
others. 

Ba perime nt with rotating cathode in aqueous solutions. Other researches 
32. 30 have shown profound effect on cathodic deposition of metals as a 
result of high speed rotation of the cathodes. Therefore, this technique 
was studied in the work on germanium. Copper disks, 14-inch diameter, 
were used as cathodes rotated at speeds up to 4000 r.p.m. Again only a 
thin plate of germanium was obtained. One improvement was noted. 
Where a temperature of at least 90°C. was required with the stationary 
cathode, the same thin deposit could be obtained at room temperature on 
the rotating cathode. 

Anodic behavior of germanium in aqueous solutions. In neutral salt solu- 
tions, germanium anodes were insoluble, and not attacked. In concen 
trated alkali or acid solutions, the metal is anodically oxidized. Under 
some conditions, such as high current density, some loss occurs through the 
formation of an oxide layer that peels away and dissolves in the bath. 
\nodic behavior seems unsuitable for plating baths. 

Codeposition of germanium with copper and other metals —Germanium 
forms a series of alloys with a large number of metals. Among the more 
important of these are copper, silver, gold, magnesium, aluminum, nickel, 
iron, and tin. None of these alloys has been plated out of aqueous solu- 
tions, except that of germanium with tin which Schwarz (26) obtained from 
a solution of potassium germanate to which tin oxalate had been added. 
He did not make any detailed study of the deposition. 

\Iany of the germanium alloys have interesting properties, for example, 
the increased hardness and rolling quality obtained by alloying aluminum 
with germanium, and the enhanced corrosion resixtance of copper when 
alloved with germanium. 

\n observation made when the initial experiments on the electroplating 
of germanium were in progress revealed that the presence of copper ions in 
the solution caused a beautiful coating of the alloy. This alloy of copper 
and germanium has physical and chemical properties similar to those of 
pure germanium metal. 

Once the prerequisites for the deposition of the copper alloy became clear, 
the effect of the addition of small quantities of various metals to the ger 
manium bath was investigated before making an exhaustive study of the 
copper-germanium alloy plating. 

Preliminary alloy plating studies.—A standard alkaline bath of ger- 
manium was prepared as follows, and the effect of additions of various 
metals as their salts was studied: 


Ged 2.6 


KOH 170.0 


The results obtained are viven in Table :. 
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I, it is clear that codeposition 
nickel, and tin is possible from 
leposition of germanium with tin, 


Febr 


ia 444 


of germanium wit} 
alkaline solutions 
Schwarz (26) added 


0.209 zg 
0.1052 g 
02 

25 g 
150 cx 
90°C 


l’xperiments ith his bath showed that the conditions have to be very 
rigidly controlled for the codeposition \t a lower temperature (50°¢ 
TABLE: I / f li 
\ ’ electro prt il yo) ¢ 
\ R 
O12? \ t Dtail 
ate nperature. Weig 
M f ving in dil, HCl 
deposit of zir > only 
).02 \ at. gave test for germanium 
00 \ brig t 0.0012 z 
00 \ ley it eu 
OO Nod t 
M e S g t si test ‘ 
hen the perature is above 85 ¢ 
' 0030 N 
oO j deposit co 
ckKe ned at temperatur 
80°C. 
2 A flash coat ro obtained 
mily ery small quantity of germanium, Just enough to give a test for the 
metal, is deposited with the tin ‘The rate of deposition at the higher 
emperature s very slow and of little practical alue. 
( oppel illoys were selected for further study, because of the ease of co 


deposition 


and usetul 


properties. R. Schwarz : 


ind Elstner (6) examined the 


system copper-germanium and found that up to 17 per cent germanium the 


| 
HLOVS 


C tele 


ire golden 


bluish cust 
r cent 


ry 


vermanium 


entrated HeSO, has practically no effect on them (34 
ulloys of copper with more than 20 per cent germanium have bette1 
than either of the 


that the 


hemical resistance 
on sho ld be ot an 
n shou 


Prelin 


Parry 


vellow in color. 
hich contains 2 
These alloys are stable toward hydrochloric acid, 


j ( 





The two 


the allovs are attacked 


‘tical value 


fhe code position of copper 


constituent 


metals form the compound 


7.6 per cent germanium and is silverv white with » 


Above 
by aqua regia only ( 


A) 
on 
It thus appears 


] 


metals, and their deposi 


and germanium I irst the 








| 95, N ) ELECTRODEPOSITION OF GERMANIUM 


ettect ol addition ol coppel to 


nen the 


an alkaline germanium bath 


was studied and 
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i 
as dioxide dissolved in alkal 
to an alkaline coppel plating bath The copper solution was pre pared by 
solving a known quantity of copper cyanide in potassium cyanide 
Very interesting results were obtained in this part of the investigation. 
\ll the deposits had the same bright, shiny appearance lable Il shows 
definite relation between the amount of copper added and the amount ot 
leposit obtained. [ven after varving the concentration of coppr thu 
sonably wide limits, the identical proportional increase in weight of the 
eposit was obtained. For confirmation of this conclusion about the com 
tion of the deposit a chemical analysis Ss mace 
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the concentration was 40 g./l. and 160 g./l. The current density can be 
varied within wide limits, but 2 to 3 amp. sq.dm. is recommended. 

In order to find the limits of deposition of the compound CusGe, the bath 
of composition as shown in Table ILI was prepared for studying the effect of 
increasing the copper concentration. 

Table III clearly shows that when the weight ratio of copper to ger 


manium from the alkaline solution is increased above 10, pure copper is 
preferentially deposited. A range of alloys having varying compositions 
does not appear attainable from this bath. An explanation for this is 


offered below in the discussion of these experiments. Upon adding small 
quantities of copper to a bath containing a comparatively large quantity of 
germanium, the deposition of the compound Cu,Ge takes place as long as 
copper is in the solution, after which only hvdrogen is evolved on the 
cathode 


TABLE III Copper concentration limits for ¢ Ge depo 
GeO) 0.046 
KOH lg 
Wat 1) ce 
TFempe ture 25°( 
Current densit 1.25 imp sq.dm 
We I De 
n r 
Nod it 
( Gx 
» { { 
7 Dey t of coppe no germanium 


Experiments on the addition of germanium dioxide to alkaline coppel 
cyanide solutions (Table I\ vAVe results similar to those of Table III. 

According to results shown in Tables [Ll and 1V, when the copper concen- 
tration of the solution is not more than 10 grams ot copper cyanide per liter, 
the deposition of the alloy Cu,;Ge takes place, prov iding the weight ratio 
ot copper to germanium in the solution is less than LO. For a satisfactory 
deposition ot the alloy these two conditions have to be fulfilled. 

Final bath for CusGe deposition. The following bath was selected as 
most suitable for the deposition of the alloy, CusGe: 


ee) g 
( CN - 
KCN 1.0 
KOH 10.0 


\fter dissolving the components in water, the solution should be filtered. 
The bath has excellent keeping qualities. One bath has given excellent 
deposits for at least three months. At room temperature (25°C.) and at a 
current density of 2.0 amp./sq.dm., excellent deposits were obtained on 
copper, nickel, steel, and zine cathodes, with 90 to 95 per cent current 
efficiency. An insoluble, hard carbon anode was used. The deposits were 
bright, smooth, and well adherent to all the basis metals. 
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) is earlv as 1903, attempted to correlat: the electrolvt ¢ potential of un 
( n olution containing ions of the component metals He found 
hen the ft vo metals form a definite chemical compound the solution 
1 ntial ot the compound ts a specific constant The expel mental results 
ned by G. Tammann (36) on the abrupt changes that occur in the 
ution potential of allovs at or near simple atomic ratios of the constituent 
tals has proved the point bevond doubt This solution potential (or if 
rABLE I\ ( } } C1aG 
( Cul Og 
Ix Og 
KOH dg 
\ iM) 
( mine the reverse phenomenon, the deposition potential) of the inte 
etallic compound depends on the concentration or activity of the lons of 
th the metals in the solution The observation of this definite pote 
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(An « nin on of oul results n the ligl ve s supplies us I 
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on I ning ions of both m s Che depos hn poter ( I 
mpounad should De lun m ol both the copper na the ge naniu I 
nce! ons In the solutior With the nee m heid be ( 
n limits (Table II] he deposition pote! Vv mus «les 
n that of either copper or germanium and, theretore, the deposition ot t! 
pound is facilitated. When the copper ion concentration 1s sed, t} 
sition potential from the solution of the pure pper is é 
ch bel hat of the compound Cu;Ge that only pure copper is pl 
nd continues to plate « until the Cu ior el y s he 
e optimum, when the allov, CusGe, alone deposits o Further 
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tionary and intermittent corrosion tests were made on the deposits of 
+ 


illoy plated on coppel It has excellent corrosion resistant properties 


respect to 10 per cent alkali solutions, 1:1 hvdrochlorie acid, and 10 


nt sulfuric acid, 
DISCUSSION OF RESULTS OBTAINED ON THE DEPOSITION OF 
COPPER-GERMANIUM ALLOY 


t he ipplic ition ot the phase rule and t hie Nernst theory lor caiciuiating 
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tions of germanium dioxide to the original bath do not increase the ger- 
manium ion concentration sufficiently to make the deposition potential of 
the metal fall below that of hydrogen from the same solution, and that is 
vhy it has not been possible so far to obtain a thick deposit of pure metallic 
germanium from aqueous solutions under any circumstance. 

On this same basis, by holding the copper ion concentration constant and 
rv additions of the germanium dioxide to the solution, it should be possible 
to lower the deposition potential of the alloy compound below that oi 
copper, so that the compound Cu,Ge is preferentially deposited. 


Il. ELECTRODEPOSITION OF GERMANIUM FROM NON-AQUEOUS 
SOLVENTS 


INTRODUCTION 


Since hydrogen deposited in preference to the metal in aqueous solutions, 
Was expected that better results would be obtained from non aqueous 
solvents in which the concentration of hydrogen is very small. A review 
* the literature on « lectrodeposition from non-aqueous solvents indicated 
that deposition Irom Grignard compounds as used by Mathers and CO 
workers (38, 39) in the deposition of aluminum and magnesium had promise 
Since the germanium halides are fairly soluble in a wide variety of 


organic compounds, halide baths were also considered. The fluoride and 
the chloride were eliminated because of their volatility, the difficulty in 
then preparation, and then affinity for moisture. Che 1odide is stable and 


s readily prepared by the action of concentrated hydroiodic acid on GeO 
The eleetre 


vsis of certain organo-metallic compounds of germanium has 


een studied Pehakirian . upon electrolvz he vermanochloroform., 
(ieHCl, or chlorogermanous acid in 7N HCl, obtained, at the anode. red 
Ge(QOH)s, while the liquid at the cathode became poorer in germanium 
This indicated the formation of [Ge (‘| ions at the anode, followed DV 
hvdrolysis to give germanous hydroxide. Upon increasing the hydrochloric 


icid concentration, the germanous lon was oxidized to germanic by the 
hlorine liberated at the anode. 

When sodium triphenyl germanide was electrolyzed in a liquid ammoni 
solution by Laurence, Foster, and Hooper (42) thev obtained thre 
products: h ‘xupheny! digermane, triph nvl germane, and nitrogen. ‘| hie 
nature ol the anode material had considerable influence on the amount ol 


eal 
rogen ¢ volved. 


No other references were found on the electrolysis of germanium com- 
pounds in nonaqueous solvents The main difficulty of obtaining the 
metal from Crignard’s reagent is that the metal forms a part of the anion 
n case ol t} vermanium compounds \lost ot thes compounds Ol ver- 
mniimM re relatively tuble, as compared to those of magnesium and 
luminum, which makes them more difficult to decompose ( lectrolytically 


EXPERIMENTAI 


Electrolysis of Grignard’s compounds. mixture of phenyl germanium 


iodides was prepared by the action of germanium tetraiodide on pheny! 


magnesium iodide according to the following reaction: 


C;sH;sMgl + Gel, — (CsHs)x Ge I, + .Megl+, where x + Y | 


on electrolysis of this germanium compound dissolved in dry benzene, 








ft 


} 95, No. 2 ELECTRODEPOSITION OF GERMANIUM SY 


no deposit Ol any sort W is obtained. It was observed that the condu ‘tivity 


of these solutions was extremely small, indicating very little lonization. 
Electrolysis of germanium tetraiodide in organic solvents.—Germanium 


tetraiodide was prepared by the action of hydroiodic acid on germanium 
dioxide (43 The compound was purified by crystallization from chloro- 


form. Germanium tetraiodide is soluble in a wide variety of solvents. 


Kkven water dissolves it,forming a clear solution which dec OMposes slowly 
on standing. However, the electrolysis of water solutions did not give any 


leposits of the metal 


| pon electrolvsis oO} solutions ot the iodide In eleven organic solvents. 
vhich were dried and distilled to remove any moisture present, the results 
obtained were as given in Table \ In each series of tests, the concen- 


tration of the iodide was varied from | g. to 20 ¢. per LOO ec. of the solution, 


TABLE V. Preliminary electrol : a aaa 


(,00d adherent de DO is of metallic dermanitum can be obtained trom solutions 


of the germantum tetrarodide hi ¢ thal ie glycol, dic thy len glycol. and elycerol 


On comparing the results of deposition from these three solvents, the 
ethvlene-glvcol solution as the best of all as regards rate of deposition and 


i 
character OL the deposit \ more extended examination of this solution 
s, therefore, undertaken 
De position of thick coats of germanium from ethylene glycol solutions of the 
odide The ethvlene glvcol used in thes experiments Was the ordinary 
technical varietv, which was purified and, at the same time, rendered 
anhvdrous by fractional distillation. The fraction boiling in the range 


107 to LOS *( . Was sf lected 


\ copper cathode and a germanium anode were used during most of the 


experiments Che use ol other anodes Was also examined. Results ob- 
tained are given in Table \ | 
pP operties and nature of the germanium deposits from etl ylene qlycol.—The 


deposits, although bright in the beginning, became steel grey as the deposi- 


tion progressed. Deposits obtained at low current densities are brighter 
than those obtained at higher current densities. Heavy silvery white 
deposits were not obtained unde any condition. Phe deposits are brittle 
like the cast metal, and this quality increases as the thickness of the deposit 
is increased. The adhesion of the deposits is better on copper than on 


nickel. The deposit is not attacked by hydrochloric acid (1:1), dilute 
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sulfuric acid or 10 per cent alkalies, and maintains the steel grey luster on 
atmospheric exposure. 


I. Composition of bath 





Ethylene glycol 0 eX Cathode copper 
Gel, 0.5 g. Anode germanium 
Cathode current density Metal deposited Cathode current efficiency 
amp./sq. dm g./sq. dm , 
0.625 0.0025 2.38 
1.25 0.0038 1.8 
2.5 0.0087 2.1 
Temperature 140° to 150°C. 
0.625 0.0125 12.0 
2.5 0.0450 10.8 
Anode corrosion efficiency 154% 
II. Composition of bath 
Ethylene glycol 50 ec. Cathode. copper 
Gel 2.5 g. Anode germanium 
Cathode current density Metal deposited Cathode current efficiency 
amp./sq. dm. g./sq. dm. % 
0.625 0.0340 32.2 
1.2! 0.1000 48.0 
2.5 0.125 47.0 
III. Composition of bath 
Ethylene glycol 50 ce. Cathode copper 
Gel, 5 g. Anode germanium 


Temperature 140° to 150°C. | 


Cathode current density Metal deposited 


amp./sq. dm. g./sq. dm. 
2.5 0.263 
2.5 0.163 
2.5 0.206 


Anode corrosion 130% 


DISCUSSION OF THE RESULTS OBTAINED FROM 


Cathode current efficiency 


ETHYLENE GLYCOL SOLUTIONS 


Deposition from solutions of polyhydroxy alcohols and the impossibility 


of the deposition from other organic solvents, 
iodide is soluble, show that the deposition is dependent on some other factor 


in all of which the germanium 
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than simple solubility. It may be that the polyhydroxy compound forms 
with the metallic iodide some complex compound, from which deposition 
takes place more easily. The very smooth, anodic corrosion of the ger- 
manium metal in these solutions (in all cases above 100%) shows that part 
of the germanium goes into solution in the divalent form. The di-iodide, 
which is not very soluble in organic solvents, is however retained in this 
solution. 

Germanium tetraiodide concentration.—Because of the low metal content 
of the tetraiodide (Ge 12.5%), the metal ion concentration in the solution 
is comparatively low. The solubility of the iodide in glycol limits the 
increase of the concentration of the metal ion. Another important factor 
to be considered is the loss by sublimation of the iodide from the surface of 
the solution at the higher temperatures of operation. The results show an 
increase in the efficiencies with increase in the concentration of the iodide, 
as Well as faster rates of deposition. Nevertheless, above a concentration 
of 5 g. of the iodide per 50 cc. of the solution, the loss due to vaporization 
of the iodide from surface overweighs these increased efficiencies. Plates 
obtained at lower concentrations are brighter. 

Temperature.—At room temperatures, no deposits were obtained. The 
metal plates out only when the temperature is increased at least to 100°C. 
Higher temperatures give better plates as well as better deposition efficien- 
cies. The voltage of operation also decreases as temperature is increased. 
Thus, in the bath containing 2.5 g./50 ec. of the iodide, the voltage dropped 
from 20 volts at 100°C. to 11 volts at 150°C. for a current density of 0.625 
amp./sq.dm., 

Current density —With an increase of current density, the current effi- 
ciency of deposition increases. At the same time the brittleness of the 
plate is increased. The adhesion of the metal plate to the cathode surface 
depended on the current density used initially. The brightness of the plate 
s also a function of the current density, lower densities being more con- 
ducive to good deposits. 

Anodes.—All the preliminary experiments were made with very pure 
carbon anodes, to avoid any metallic impurity vitiating the results. Plati- 
num was also a satisfactory anode. The iodine liberated at an insoluble 
anode and the high temperatures of operation cause oxidation of the glycol. 
lo avoid this difficulty, the anodic behavior of the pure germanium metal 
was studied. The metal is very smoothly corroded, and anodic efficiencies 
range from 130 to 150 per cent. This shows that part of the metal possibly 
goes into solution as divalent germanium. Better deposits were obtained 
vhen germanium was used as anode than when platinum was used as anode. 
[o counteract the abnormal corrosion efficiencies of germanium while 
maintaining the metal‘ion concentration in the solution, the use of parallel 

onnected anodes of germanium and platinum is indicated, with the help 

which the requisite current only can be made to pass through the ger- 
manium anode and thereby keep the germanium concentration of the bath 
constant. 


Va nlrenance o; the eth ile ne glycol hath. \t the higher temperature ot 
operation 150°C’.), the loss of the solvent by vaporization is conside rable, 
and fresh solvent has to be added from time to time. The electrolysis cell 


vas kept covered during operation to minimize the vaporization loss of 


oth the solvent and solute. Upon lowering the temperature of the bath, 


& 
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crystalline precipitate of the iodide combined with some complex com- 
pounds containing iodine was obtained, but it dissolves on reheating the 
bath. 

The rate and quality of deposition from the bath were best when it was 
freshly prepared. On using germanium anodes, there was a slight increase 
ot efficiency which, however, soon decreased, showing that there might be 
an optimum relationship between the concentration of the germanic and 
germanous ions as well as any complexes formed in the solution. A quanti- 
tative chemical study of the solution was found to be impossible because of 
the instability of the complexes formed. 


Ill. THe ELecrrowINNING OF GERMANIUM FROM FUSED Batus 


The successtul application of fused electrolytes for obtaining metals 
which ordinarily cannot be electrodeposited out of aqueous solutions 
prompted the study of this type of bath for winning germanium. 

Germanium shows considerable similarity to tungsten as regards its 
deposition from aqueous solutions. Both metals can be obtained only as 
thin deposits that do not grow on further electrolysis from alkaline solu- 
tions. Excellent vields of tungsten were obtained trom fused borate and 
phosphate baths, in which tungsten oxide was dissolved (44 

Very little work was found on the electrowinning of germanium from 
fused baths. Hall and Koenig, on electrolysis of germanium dioxide dis 
solved in a molten electrolyte of equimolecular mixture of sodium and 
potassium carbonates, obtained alloys of germanium with the platinum 
cathode they used (25). Dennis and Tressler (18) used a fused potassium 
fluogermanate, KoGeFks, as well as a fused cryolite bath in which the oxide 
was dissolved. On electrolysis, some pellets of the germanium metal were 
obtained at the cathode. Losses due to the volatalization of the GeO 
formed as an intermediate compound were considerable. No detailed in- 
vestigation was reported. 

The solubility of the oxide in various fused salts was studied for leads to a 
suitable bath for electrolysis. The results obtained are given in Table VII. 

On electrolyzing the fused carbonate bath, it frothed continuously, 
liberating carbon dioxide, vet small crystals of germanium metal were 
found on the side and the bottom of the graphite crucible which was used as 
cathode. l nsatistactory results were obtained from the fused carbonate 
bath in which the solubility is not very great and the losses are high. 

Che solubility of the germanium dioxide in borax bath 7s very high, SO a 
detailed investigation of the fused borate bath was undertaken. 


APPARATUS USED FOR FUSED ELECTROLYTES 


The apparatus used in this investigation was very simple. The graphite 
crucible, which served as the container as well as the cathode, was prepared 
from a graphite electrode. The outside diameter of the crucible was 2 
inches and the inside 14 inches. The depth was 13 inches. A nichrome 
resistor furnace was used to heat the crucible. Two deep holes were bored 


in the side of the crucible, one for making electrical contact, and the other 
for inserting a thermocouple. A graphite rod suspended in the melt served 
us the anode. 

\fter melting a weighed quantity of borax, a requisite quantity of the 


germanium dioxide was added. After about 15 to 20 minutes a clear melt 








K 


7. 
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was obtained. The anode was then inserted, the temperature Was adjusted 


and electrolysis was started. During the experiment the crucible w: 


AS 


CON ered with 


an asbestos lid, through which the anode was inserted. 


TABLE VII. Solubility of germanium in fused salt 
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After the electrolvsis was continued for the req uired time, the fused 
electrolyte at the top was poured into anothe1 graphite crucible The ge 
manium (m.p. 958°C.) which had collected at the bottom of the crucil 
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in a molten condition was removed, cooled, freed from adhering electrolyte 
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by boiling in water, and weighed. In an experiment on a larger scale, it 
would be possible to tap the metal from the bottom of the crucible, since 
the specific gravity of pure fused borate is 2.5 and that of GeQOs is 4.7, 
while the density of the solid metal is 5.3 (45). 


DISCUSSION OF RESULTS OBTAINED WITH FUSED BORATE BATHS 


The data for fused borate baths are shown graphically in Fig. 1, 
2,3, and 4 \ 

Determinations of the purity of the electrowon germarium were made by 
dissolving the metal in fused alkali, precipitating the Sulfide, and finally 
weighing the oxide formed by treating the sulfide with nitric acid. The 
metal was above 99.1 per cent pure in all of the determinations mac 
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Electrolysis of the phosphate bath as given in the solubility experiments 
was not so satisfactory as that of the borax bath. 

It was found that: (a) as the mol ratio of borate to germanium dioxide 
was increased, the efficiency of deposition increased, up to a ratio of 1 and 
after that it decreased rapidly ; (b) the current density had a decided 
influence upon the deposition, the optimum c.d. was 28 amp./sq.dm., the 
efficiencies were less on both sides of this value; (c) the current efficiency 
increased with increase in the temperature. Below 900°C. the efficiency 
is verv low. 

The conditions for the most efficient deposition of the metal were found 


to be: 
lem perature 1000 °« 
M ratio Na2BsO: GeO; 1.0 
( rrent densit\ 28 amp./sq.dm 


The results, in general, bear out the sodium film theory proposed by 
Fink and Ma (44) in their studies on the electrodeposition of tungsten from 


























mM 


Vol. 95, No. 2 ELECTRODEPOSITION OF GERMANIUM 95 


borate and phosphate baths. The increase in efficiencies of deposition 
above 900°C, is attributed to the formation of a sodium vapor film on the 











cathode surface. The boiling point of sodium is 878°C. The thickness of 
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Fic. 3. Effect of current density on yield per kw.-hr. through the fused borate 
bath. Temperature, 1000° C. Mol ratio, borax/germanium dioxide equaled 1.0. 
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Fic. 4. Effect of temperature on current efficiency in the fused borate bath. Cath- 


ode current density, 28.0 amp./sq.dm. Mol ratio, borax/germanium dioxide equaled 


1.0 


this film is also governed by the raio of sodium tetraborate and GeO, in the 
fused melt. In the deposition of germanium the film thickness is optimum 
when the mol ratio is unity. 

The current density has a considerable effect on the sodium film. At 
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lower current densities, the yields were lower because the film thickness was 
less. The decrease in the efficiency and vields of germanium metal at 
higher current densities can be explained as follows: first, the sodium \ apor 
film was too thick for a proper dep: sition of germanium metal; and second, 
local high temperatures produced at higher current densities helped in the 
\ aporization of the monoxide, GeO, which was formed as an intermediate 
stage in the reduction of the dioxide. 

The excellent deposition of germanium from borax baths can be explained 
by the high solubility of the dioxide, GeQs, as well as that of the monoxide, 
CreQ, 

It is possible to operate the fused borax bath continuously by adding 
germanium dioxide to the melt and tapping out the molten germanium 
from the bottom of the cell. From time to time additions of fused borate 
andor boric acid will have to be made to take care of any de composition 


losses and to Keep the ratio NacB,O; GeOs constant. 


SUMMARY 


I. A continuously growing deposit of germanium metal was not obtained 
Irom any aqueous solution. \fter the cathode surface was covered with a 
thin tilm of the metal, further deposit ion stops and only hydrogen is evolved. 
Alkaline sulfide-baths were found to be superior to the oxide baths previ- 
ously used to de posit thin films. 

The codeposition of germanium with copper, tin, nickel, and cobalt from 
alkaline baths was studied. The most interesting alloy was the germanium- 
copper allov. Cu-eGe. 

Il. A bath consisting of a solution of germanium tetraiodide in ethylene 
glycol is satisfactory for obtaining thick deposits of the metal. The work- 
ing temperature of this bath is between 140° and 150°C., and cathode 
current efficiencies as high as 48 per cent were obtained. The deposits 
were steel grey in color and fairly brittle. Germanium metal dissolved 
anodically with an efficiency above 130 per cent. ‘This is the first time 
metallic deposits have been obtained from a glycol bath. 

I11. A new process for obtaining the germanium metal from its dioxide 
bv electrolysis of the dioxide dissolved in a fused sodium tetraborate bath is 
described. 
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Samples were cut directly from the ingot 4nd were 15.9 mm. in diemeter 
and 4mm. thick. The surface intended for the dissolution experiment was 
smoothed with a file and then polished with a polishing wheel and levigated 
aluminum oxide. After the other surfaces of the plates (see below) were 
protected, the polished surface was washed carefully with distilled water 
and then with alcohol and ether. All reagents used were chemically pure 

Schering-Kahlbaum or Merck, pro anal. or puriss 
\n apparatus similar to that previously described (6), 


but technically 
improved, was used for the work. 


Measurement of the volume of evolved 
hvdrogen was used to determine the velocity ol metal dissolution. The 
dissolution of the samples was carried out in a 250 ml. double neck flask B 











Le (Apparatus for dissolution experiments \. stirrer with Hg closure, B. 

sk, Al. plate with rubber insulation, D. filling funnel 

Right. Holder with plate. R. r. rubber insulation and stopper, F. plate holder 
C. support basis, W. shaft of the stirrer. 


Fig. 1) of Jena glass. The evolved hydrogen was conducted into a gas 
burette by glass capillary tubes and vacuum tubing. 

Experiments showed then that the usual materials, for example, wax, 
paraffin, etc., used for protection of the surfaces were unsatisfactory because 


the alkaline solutions penetrated into the gap between the metal and the 


insulation and the active surface increased to an unknown extent. This 
could be prevented with the help of rubber protection at least during the 
first hours of the experiment (Fig. 1, right). Impurities, such as glass 


powder or mercury falling out of the upper part of the stirrer (Fig. 1, left 
remained in the upper enlargement of the base of the plate holder and did 
not fall into the solution. 

In all experiments the position of the plate Was at 45 degrees relative of 
the axis of the rotating shaft. All rubber parts contacting the solution 
were “prepared” by boiling them in solutions corresponding to those used 
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in the experiment, and rinsing with water. Two parallel runs were made 
in one thermostat at 25 + 0.02°C. The velocity of stirring was about 
120 + 5 revolutions per minute. Each vessel for every experiment was 
filled with 200 ml. of the solution warmed to 26°C. When it cooled down 
to 25 degrees, the stopcocks were closed and the collection of hydrogen 


started. 
TABLE I Rate of dissolution of 99.998% 1lin 0.5 N NaOH, kept for 7 months in 
the glass flas! . PF q. 1 
Experiment lg Experiment ip 
Ae ae , 
AIF ve ME ‘ 
7 54.3 7 i 
27.4 27.4 
7 18.3 7 18 
2 17.8 2.37 17.8 
8 18.3 2.68 18 
2.95 13.7 2.95 13.7 
. 57 15.7 18.0 
doe 1 7 15.7 
4.07 13.7 4.32 17.8 
2 4.09 15.7 1.99 17.0 
L Sk 1 15.0 7.0 17.3 
240 8.43 16.6 ).12 17.7 
4 ».40 16 11.20 17.6 
2.57 18.4 13.40 18.6 
1 i 18.5 14.54 19.3 
2 14 18.6 15.74 20.3 
Average rate 60-360 minutes oa 16.3 17.7 
120 42.73 - $3.79 _ 
26 45.13 20.2 46.28 21.0 
2 47.44 19.5 48.5 19.5 
15 4.69 21.8 55.84 21.8 
) 57 .07 20.2 58.13 19.4 
1620 59.15 17. 60.21 17.6 
1680 61.55 20.3 62.52 19.5 
1740 63 .67 17.8 64.64 17.9 
1800 65.96 19.4 66.84 18.6 
Average rate 1200-1800 minutes 19.6 19.5 


DISCUSSION OF RESULTS 


In spite of entirely similar manufacture of the Al plates, there were 
variations in the rate of the dissolution. This can be explained as resulting 
from an inhomogenous structure of the metal. The slight impurities in the 
metal block, in spite of all homogenization efforts, were not distributed 
uniformly. This non-homogenous distribution is the chief reason for the 
variations and fluctuations in the rate of dissolution in separate experi- 
ments. 

Table I shows the progress of dissolution in 0.45N NaOH with the course 
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f time, while Table II illustrates the reproducibility of the experiments. 
In the tables, the following svmbols are used: 
¢ = time in minutes from the beginning of the experiment 
the volume of hydrogen read at the time ¢ accuracy 0.05—-0.02 
ml.), reduced to 0°C. and 760 mm 
F the area of the soluble surface in em 


10° the rate of dissolution, i.e., the amount of hydrogen in mm 


evolved per em. of the surface per minute between two 
readings. 

The figures in Table I show that, at the beginning of the experiments, 
the plates dissolve more rapidly and more regularly than later. For one- 
half to one hour the reaction slows down slightly, the plates then dissolve at 

comparatively constant rate for many hours, fluctuating only by few 
mn min. After 10-20 hours, the rate of the reaction increases and a very 


TABLI II The ave age ale of d olution of 99.998 1] indDhSNWN WOH 


flat maximum is formed between the 20th and 30th hour of reaction, 
More intense fluctuations are observed during this period. 

\fter the experiments, the plates are glossy and no Impurities can be 
observed. At a low magnification (Fig. 2) one observes shallow and deep 
etching cavities with smooth walls which have developed probably be- 
cause of uneven distribution of the trace impurities in the aluminum. 

\s it is impossible to compare the entire course of all dissolution tests, 
the question arises as to which of the rates observed in the course of the 
experiments lasting more than 30 hours may be chosen for comparison. 
The results show that, the reaction proceeds consistently enough for quite 


long period, after the irregularities during the first one-half hour (dis- 


solution of the highly deformed exterior laver of the metal). The first 
ve-hour period, excluding the mentioned irregular starting period, was 
chosen in the « xperiments tor comparison of the rates his is justified as 


follows: (a) the velocity of dissolution reaches its maximum during the 
first hours of the reaction, since the higher rate in a later period is a result 
of the etching pits formed, (b) the area of the dissolving surface does not 
change considerably during the first hours (later the edge of the plate is 
eventually affected), (c) the procedure of dissolution is more regular at the 


I 
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‘ ‘ ° . stan 
beginning than toward the end, (d) the experiments run were of shorter in sl 
duration, and (e) the same plates, therefore, could be used for several ex- Tab 
periments. y's 

The average velocity of dissolution of duplicate aluminum plates, as read 
determined by hydrogen evolution, lies between 11.3 and 20.2 mm.3/em2 sind 
min. This variation is caused by the irregular distribution of the small am 
amount of impurities still remaining in the aluminum. A better homogeni- pins 
zation could not be obtained even by continued annealing.2. Thus, a devi- “A 

on | 
(‘or 
mal 
M 
per 
ure 
the 
stil 
Fic. 2. Aluminum plate after dissolution in 0.5N NaOH. 5 
TABLE III The dissolution of the 99.998© Al in 0.01 N NaOH D. = 1.584 
em.; Di, = 1.590 em., 25°C 
LX pe I é ) 

Ml A ul: 
ol 

60-480 4.17 3.8 4.11 3.3 
1320-1680 2.69 3.8 17 3.1 th 
680-1920 14.2 3.03 3.3 pr 

2700-2880 8.82 7.60 3.4 
2940-3300 21.55 20.44 i 
aon 98 94 r 28.09 4 th 
us 

. 9 . : ra 
ation of 30 per cent from the average velocity must be taken into consid- 9 
eration. The other sources of error, however, play a subordinate role. wre 

The velocity of dissolution of the pure st Al in 0.01 to ON NaOH. When- et 


ever possible, the same plates were used for all the runs, thereby attaining * 
better reproducibility in the dissolution experiments. The use of dilute 
solutions generally insured longer service from the plates. The surface of 


. ° ° > ° W 
each plate was treated before the beginning of every experiment as already t] 
described. The results of the dissolution experiments in 0.01N NaOH are Be 


shown in Table III. The plates dissolve in 0.01N NaOH with a very con- 


Some plates were annealed before the run in vacuum at 500° C. for 10 hours. 
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stant velocity over a period of SO hours, although larger differences occur 
in short intervals. The process proceeds similarly it 
Table [V shows the final results. 

Che increase in the rate of reaction with the conce 
readily apparent. the velocity becomes so 
rapid that, because of the formation of etching pits, the increased surface 
aren becomes noticeable. It is, 
over six hours. 


other dilute bases. 


ration of the base is 
In more concentrated bases, 


therefore, of no use to extend the tests 

\t still higher concentrations of the base, unexpected results were found; 
on passing over to 4N NaOH, the rate of dissolution increases fourfold. 
Consequently, the experiments were carefully carried out and repeated 
many times with freshly made NaOH solutions of the purest materials 
Merek and Kahlbaum) and several Al plates (10 runs In all these ex- 
periments, the effect mentioned could be distinctly observed so that errors 
are excluded. The hydrogen evolution is very irregular. The results of 
the dissolution experiments in 4+ and 5N NaOH are listed in Table V. At 
still higher concentrations, the rate of dissolution was found to be so irreg- 


TABLE IV. Thed l ” he 99.998 1l in NaOH solutions of va 
conce? ttions at 25°C 
- 
V 
I 
50-4680 2 { 
(0-198 7 
She 
60-360 
)-360 0 g 
)-360 : 28 
60-36 2 ( 34 
1) { 2.0 
( S 


ular and the pitting, espec ally in the side of the plate, so deep that the use 
of more concentrated NaOH was of no value 

The aluminum surface after the runs appears dull and the boundaries of 
the grains are strongly marked. Magnification reveals droplike cavities 
covering the whole surface 

If the dissolution of such a plate is to be continued in more dilute solu- 
tions, no abrupt decrease in vé locity of the reaction can be observed as is 
usually the case with dissolving metals. An aluminum plate that dissolves 
rapidly in 5N NaOH+-was washed and the dissolution continued in fresh 
2.5N NaOH. The rate of solution was 3.5 times the rate previously ob- 
served (Table IV). If the corroded surface is removed by filing, polishing, 
etc., the previous velocity could be observed within the error limits. The 
prior exposure of aluminum to bases more concentrated than 4 gives it 
property ol dissolving + or 


5 times more rapidly than when starting 
ith more dilute bases (Fig. 3 


It was impossible to determine whether 
this is produced by enlarging of the active surface by pitting or by other 
circumstances. 


The effect could not be observed in dissolution experiments of Al in KOH. 
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TABLE V Dissolution of the 29.998[ Alin 4 and 5 N NaOH; volume of the T: 
solution 100 ml., 25°C. diss« 


Experiment a Experiment b IN” 

: : Ao. Ao 
a | ” ae | T 

4.0 ) 2.70 135 3.15 157 

20 5.76 153 5.85 135 

3 .11 168 9.29 172 

60 19.98 18 20.70 190 

90 31.31 189 33.11 207 

120 43.19 198 46.43 222 

150 54.89 195 59.57 219 

80 66.86 200 73.24 228 

210 78.64 196 86.91 228 

240 10.60 199 100.94 234 

270 2.56 199 115.15 237 


Average 60-36 197.3 226.8° 
4.0 60-360 97.73 163.0 106.0 176.7 r 
5.0 60-210 59.65 201.8 50.25 201.2 
5.0 0-330 113.77 189.6 112.18 187.2 
5.0 60-180 41.10 171.3 47.7 199.0 
* The plate shows deep lateral pittings. The figures, therefore, were not used below 
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Fic. 3. Rate of solution of purest aluminum versus NaOH concentration. Curve 


NaOH concentration, Curve B. decreasing NaOH concentration. 
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Table VI shows the influence of dilution of NaOH upon the velocity of 
dissolution. 


As plotted in Fig. 3, Curve A can be divided into 3 parts: Ist part up to 
1N NaOH, 2nd part from approximately 0.5N up to 3N (the curves over- 


TABLE VI. Rate of dissolution of 99.998% Al in 5 N NaOH, diluted by steps, 














26°C. 
Av 
| — 103 
N AIF Averages 
a b 
5 60-210 201.8 201.2 202 
4.5 230-280 214.4 211.3 213 
4.0 310-350 223.0 205.2 04 
4.0 360-410 191.5 191.5 7 
3.0 320-400 186.7 (234.0)* 104 
3.0 370-400 205.7 189.2 ne 
si 2.5 430-480 158.4 163.1 161 
2.0 450-510 134.3 (188.4)* 134 
* Not used because of deep pittings. 
20 T 
| 
| 9 
° 
15 - 4 
"o 
>I“40 + - + — ——— 
a4 T 
| 
> 
» 
- } 
rs) 5b + + +- — - =—5 —_ 
S 4 
5 2 
2 
4 
0 A 2 3 4 0.5 1.0 


NaOH N 


Fic. 4. Rate of solution of purest aluminum versus NaOH at low concentration. 
rt Ps . . » .3/ 
rhe curve follows the equation V = 18.85V N. 


lap), and the 3rd part over 4N NaOH. For clarity, the Ist part of the 
Curve A is shown on a larger scale in Fig. 4. 

[he rate of solution of purest aluminum in NaOH is proportional to the 
cube root of concentration (up to 1V NaOH 


V IS.85 Vv N (1) 
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The first three points of the curve agree also with the square root statement 
of Jablezynski and Hermanoviez (1). At concentrations higher than ap- 
proximately 0.4N, the curve changes into a straight line, the empirical ex- 
pression (correct from 0.5N up to 3N) being: 


V =98+11N 


mn of the calculated and experimental dissoluti« 


| mm 3/ey nin 


After a jump between 3 and 4N NaOH, the velocity of dissolution increases 
again, possibly proportional to the concentration 
two empiri al formulas is shown in Table VII 

The tables and the curves show clearly why various Investigators ob- 
tained different results in trying to find the relationship between the rate 
of dissolution and the concentration of the base, and present information 


concerning this relationship when aluminum of highest purity is used for 
the experiments. 


The accuracy of the 
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